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Abstract 
 
There has been considerable research into ascorbic acid (AA) as a food component and 
its role in the human diet and disease prevention. This nutrient is now used quite widely 
to fortify foods, particularly in conjunction with other nutrients in order to enhance or 
maintain their availability or function. However, like most of vitamins, AA is extremely 
reactive and readily lost during processing of foods due to various factors including 
sensitivity to heat, oxidation and reactivity other food components. Microencapsulation 
technology provides a potential strategy for enhancing the stability of AA towards the 
carrier food. The aims of the current study have been to investigate : the 
microencapsulation of AA, the optimum loading rates of AA, varying loading rates of 
hydrocolloids, optimal condition of spray drying process and the resultant 
microcapsules have been characterized. Also the incorporation of the resultant capsules 
into a white bread loaf has been evaluated.  
 
In this study spray drying pilot plant scale was used to produce the microcapsules and 
capillary electrophoresis has been applied to analysed the retention of AA during a 
breadmaking process. The microstructural characteristic of encapsulated AA was 
investigated using the environmental scanning electron microscope. In addition for 
particle size and distribution of microcapsules, the laser beam scattering was used, and 
for the optimum conditions of inlet and flowrate of spray drying central composite 
designs were developed.  
 
A preliminary investigation was carried out on the use of various loading rates of AA  
on preparation of hydrocolloids for spray drying. Also the characteristics of 
microcapsules and loss of AA during processing by spray drying was analysed and it 
was found that microcapsules had good structure and integrity when loading rates were 
within the range of the designed model (6-54%). At the level beyond this model, 
capsules appeared to lack coherence. Loading rates also had a significant effect on loss 
of AA, Increasing the loading rates has tended to decrease the loss of AA until optimum 
loading rates were reached (9-18%) and from then the loss of AA increased 
dramatically with increasing loading rates. The impact of varying hydrocolloids 
proportion on encapsulation of AA by spray drying was also studied, particularly the 
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effect of core loading and binding agent rates on retention. There were had a significant 
influence of core loading and binding agent rates on yield, AA retention, MC, aw and 
particle size distribution of microcapsules. The optimal combinations of hydrocolloid 
proportions were established and in order to achieve the optimal processing condition 
during spray drying a central composite design was developed by varying the inlet air 
temperature (100 - 120 °C) and feed flowrate (within the range of 7-14 mL/min). The 
results demonstrated the potential of microencapsulation by spray drying as a means to 
enhance AA retention. Vitamin retention, moisture content, water activity and process 
yield were influenced positively by increasing inlet air temperature and negatively as 
feed flow rate were decreased. Finally, using the best combination of hydrocolloids and 
optimum conditions of spray drying, the microencapsulated has been incorporated into 
baked products. The different loading rates of encapsulated AA on retention during 
different step of breadmaking were evaluated. It was found that high recovery retention 
of AA in white bread loaf was achieved when rice starch, alginic acid and low methoxyl 
pectin were used as wall materials. 
 
In summary, a promising application of microencapsulation technology for encapsulated 
AA was found for white bread loaf with high retention of AA. Spray drying also has 
been found to provide a convenient approach where high yields of microcapsule were 
produced. These findings provide an effective way to enhance the stability of AA used 
in fortifying white bread loaf. Accordingly further studies are warranted and it is 
recommended to encompass a wider range of food products. 
Table of contents 
 ix 
Table of contents 
 
  
   page 
Declaration i 
Acknowledgements ii 
Publications and presentations iv 
Abstract vii 
Table of contents xi 
List of tables xv 
List of figures xvii 
List of abbreviations xxi 
List of appendices xxiii 
Explanatory notes xxiv 
    
Chapter 1    Overview of the research 1 
 
Chapter 2    Background and literature review: Overview of 
microencapsulation in food products 
3 
2.1 Introduction to food microencapsulation 3 
2.2 Application of spray drying in the food microencapsulation 7 
2.3 Commonly used wall materials for food encapsulation 9 
 2.3.1 Starch      12 
 2.3.2 Maltodextrin 12 
2.4 Characterization methods for encapsulates 13 
 2.4.1 Scanning electron microscopy (SEM)     14 
 2.4.2 Environmental scanning electron microscopy (ESEM) 15 
 2.4.3 Transmission electron microscopy (TEM) 16 
 2.4.4 Laser light scattering 16 
2.5 Summary and overview of current literature 18 
Table of contents 
 x 
 
   
Chapter 3   Background and literature review: the significance, 
stability, fortifications and determination of ascorbic acid 
19 
3.1 Introduction  19 
3.2 The chemical properties of AA  20 
3.3 The importance, significance and stability of AA  22 
3.4 Deficiency, toxicity and recommended dietary intake of AA 24 
3.5 Fortification with AA 25 
3.6 Stability and factors influencing losses of AA 26 
3.7 Review of methods for analysis of AA in foods  27 
3.8 Determination of vitamin C 27 
 3.8.1 
3.8.2 
3.8.3 
3.8.4 
Redox reactions  
Derivatization reactions 
Liquid chromatography and fluorescence detection 
Capillary electrophoresis  
27 
28 
28 
28 
3.9 Summary and overview of current literature 30 
   
Chapter 4 Background and literature review: Recent development 
and strategies of food fortifications with microencapsulated 
ingredient 
32 
4.1 Introduction to food fortifications 32 
4.2 Application microencapsulation for bread fortifications 33 
4.3 Bread making 33 
 4.3.1 
4.3.2 
4.3.3 
Initial dough mixing stage 
Dough proving 
Baking 
34 
34 
35 
4.4 Bread ingredients 36 
 4.4.1 
4.4.2 
4.4.3 
4.4.4 
Yeast  
Salt  
Shortening  
Bread improver 
36 
37 
37 
38 
Table of contents 
 xi 
4.5 Incorporation of AA in bread-making 38 
4.6 Recent development of application encapsulation ingredients for food 
fortification 
39 
4.7 Summary and overview of current literature 40 
   
Chapter 5 Summary of background and description of the project 
aims 
41 
5.1 Summary of current situation and significance of the project 41 
5.2 Hypothesis 42 
5.3 Project aims 43 
   
Chapter 6 Materials and methods 44 
6.1 Chemicals reagents 45 
6.2 Apparatus and auxiliary equipment 46 
6.3 Consumable and ancillary items 47 
6.4 Ingredients used in preparation of microcapsules 48 
6.5 Overview of  preparation of microcapsules 48 
6.6 Preparation of solutions for spray drying 48 
6.7 The preliminary assessment of impact of core loading rates  51 
6.8 The effects of varying hydrocolloids proportions on encapsulation of 
AA by spray drying 
52 
6.9 The optimization of spray drying process condition 53 
6.10 The incorporation of encapsulated AA into bread formulation 55 
 6.10.1 Preparation of white loaf bread sample  55 
 6.10.2 Procedures in validation of vitamin extraction from food matrix     57 
6.11 Ascorbic acid analysis using capillary electrophoresis 57 
6.12 Preparation of standards for CE analysis 57 
6.13 Preparation of CE running buffer 58 
6.14 Analysis of samples using CE 58 
6.15 Analysis and calculation of capillary electrophoresis data for AA 
content 
60 
6.16 Microstructure morphology using environmental scanning electron 
microscopy 
60 
6.17 Particle size analysis by laser diffraction 61 
6.18 Moisture determination 61 
Table of contents 
 xii 
6.19 Measurement of water activity  62 
6.20 Measurement of the pH of the samples 62 
6.21 Measurement of colour 62 
6.22 Calculation of data to dry weight basis 63 
6.23 Statistical analysis using Minitab and Excel 64 
   
 
Chapter 7 Results and Discussion: Preliminary assessment of impact 
of core loading rates 
65 
7.1 Introduction 65 
7.2 Preparation of hydrocolloids for spray drying 66 
7.3 Yields of microcapsules prepared by spray drying 66 
7.4 Ascorbic acid analysis by capillary electrophoresis 68 
7.5 The calibration standards of the analysis     69 
7.6 Measurement of moisture content 72 
7.7 Measurement of water activity 73 
7.8 Colour characteristics of microcapsules 74 
7.9 Microstructure morphology using environmental scanning electron 
microscopy 
76 
7.10 Measurement of particle size and distribution by laser diffraction  79 
7.11 General discussion and summary of results of impact of core loading 
rates 
82 
   
Chapter 8 Results and Discussion: The effects of varying 
hydrocolloid proportions on encapsulation of ascorbic 
acid by spray drying 
83 
8.1 Introduction 83 
8.2 Preparation of hydrocolloids for spray drying 84 
8.3 Yields of microcapsules prepared by spray drying 84 
8.4 Response surface for the effects of core loading rate and binding agents 
on moisture content 
    87 
8.5 Response surface for the effects of core loading rate and binding agents 
on water activity 
89 
8.6 Ascorbic acid analysis by capillary electrophoresis 91 
8.7 Response surface for the effects of core loading rate and binding agents 
on AA recovery 
92 
8.8 Microstructure morphology using environmental electron microscopy 94 
Table of contents 
 xiii 
8.9 Measurement of particle size and distribution by laser diffraction 96 
8.10 General discussion and summary of  the effects of varying hydrocolloids 
proportions on encapsulation of ascorbic acid by spray drying 
98 
   
Chapter 9 Results and Discussion: The optimisation of  spray drying 
process conditions  
99 
9.1 Introduction 99 
9.2 Experiment design  100 
9.3 Preparation of hydrocolloids for spray drying 102 
9.4 Response surface analysis 103 
 9.4.1 Response surface for the effect of inlet air temperature and feed 
flow rate on yield by spray drying  
103 
 9.4.2 Response surface for the effect of inlet air temperature and feed 
flow rate on AA retention by spray drying 
    105 
 9.4.3 Response surface for the effect of inlet air temperature and feed 
flow rate on moisture content by spray drying 
  107 
 9.4.4 Response surface for the effect of inlet air temperature and feed 
flow rate on aw by spray drying 
  109 
9.5 Microstructure morphology using environmental scanning electron 
microscopy 
  111 
9.6 Measurement of particle size and distribution by laser diffraction 111 
9.7 General discussion and summary of results of optimization of  spray 
drying process conditions 
114 
   
Chapter 10 Results and Discussion: The incorporation of 
encapsulated AA into bread formulation 
115 
10.1 Introduction 115 
10.2 Evaluation and study of microcapsules by spray drying 117 
10.3 Evaluation and study of preparation white loaf bread sample 117 
10.4    Incorporation encapsulated AA into bread 119 
10.5 AA recovery during bread making process (Microcapsules produced 
from hydrocolloids of F30+instant MAPS) 
123 
 10.5.1 Initial dough mixing stage 123 
 10.5.2 Dough proving   124 
 10.5.3 Baking   125 
10.6    Measurement of moisture content 127 
Table of contents 
 xiv 
10.7 AA recovery during bread making process (Microcapsules produced 
from hydrocolloids of rice starch+ALG+LMP) 
128 
 10.7.1 Initial dough mixing stage 128 
 10.7.2 Dough proving   129 
 10.7.3 Baking   130 
10.8    Measurement of moisture content 132 
10.9    Microstructure morphology using environmental scanning electron 
microscopy 
133 
10.10 General discussion and summary of results of  the incorporation of 
encapsulated AA into bread formulation 
135 
   
Chapter 11 General conclusions and recommendations for future 
research 
136 
12.1 Introduction 136 
12.2 Major conclusions 137 
12.3 Possible areas for future research 140 
   
References  142 
Appendices  157 
 
List of tables 
 
 xv 
List of tables 
 
 
Table Title Page 
2.1 Wall materials used to produce microcapsules available in the 
market (Theis, 2003) 
11 
3.1 Australian RDI Values for AA by life stage and gender 24 
6.1 List of chemicals 45 
6.2 Description of equipment and instrumentation 46 
6.3 Description of consumable and ancillary items used in this study 47 
6.4 List of ingredients for microcapsule preparation 48 
6.5 The formulation levels of core loading, and wall materials used in 
preparation of hydrocolloids by spray drying 
52 
6.6 The formulation levels of core loading, binding agents and wall 
materials used in preparation of hydrocolloids by spray drying 
52 
6.7 The levels of core loading, binding agents and wall materials used 
in preparation of hydrocolloids by spray drying 
53 
6.8 Basic ingredients use for white bread using Bread Research 
Institute of Australia (BRIA) (1989) 
56 
7.1 The effect of varying core loading rate on microcapsules size by 
spray drying 
80 
8.1 Regression coefficients of second-order polynomial models for 
the effect of binding agents and core loading rates on yield 
responses (in coded units) 
85 
8.2 Regression coefficients of second-order polynomial models for 
the effect of binding agents and core loading rates on AA 
retention responses (in coded units) 
88 
8.3 Regression coefficients of second-order polynomial models for 
the effect of binding agents and core loading rates on MC 
responses (in coded units) 
90 
List of tables 
 
 xvi 
 
Table Title Page 
8.4 Regression coefficients of second-order polynomial models for 
the effect of binding agents and core loading rates on aw 
responses (in coded units) 
93 
9.1 Levels of the processing variables used in the face centered CCD 
of spray drying process optimization 
102 
9.2 Regression coefficients of second-order polynomial models for 
the effect of inlet air temperature and feed flow rate on yield 
responses (in coded units) 
104 
9.3 Regression coefficients of second-order polynomial models for 
the effect of inlet air temperature and feed flow rate on AA 
recovery (in coded units) 
106 
9.4 Regression coefficients of second-order polynomial models for 
the effect of inlet air temperature and feed flow rate on moisture 
content responses (in coded units) 
108 
9.5 Regression coefficients of second-order polynomial models for 
the effect of inlet air temperature and feed flow rate on aw 
responses (in coded units) 
111 
10.1 Level of loading rate of incorporation  encapsulated AA into 
bread formulation 
119 
10.2 Level of loading rate of incorporation  encapsulated AA into 
bread formulation 
121 
 
List of figures 
 
 xvii 
List of figures 
 
 
Figure Title Page 
2.1 Characteristic structures of commercial microcapsules (Thies, 
2003) 
5 
2.2 Schematic diagram and steps involved in a spray-drying 
encapsulation process (Thies, 2003) 
8 
2.3 Morphology of different types of microcapsules (Gibbs, 
Kermasha, Alli, & Mulligan, 1999) 
15 
3.1 The structure of the AA molecule 20 
3.2 Reaction pathways for oxidation of AA (Kall, 2003) 22 
6.1 Spray dryer at RMIT University  60 
6.2 Panasonic breadmaker unit used in processing of loaf bread 56 
6.3 Capillary electrophoresis at RMIT University 60 
6.4 FEI Quanta 200 Environmental Scanning Electron Microscope, 
ESEM 
62 
6.5 Laser beam scattering (Mastersizer X, Model MSX025A) 63 
6.6 Framework of the CIELAB colour model (MacEvoy, 2004) 64 
7.1 The effect of varying core loading rate on yield of microcapsules 
by spray drying 
67 
7.2 A typical electropherogram of AA extracted from microcapsules 
with varying core loading rate 
69 
7.3 Analytical curve of the graph obtained for calibration using 
standard AA and iso-AA as the internal standard 
70 
List of figures 
 
 xviii 
 
Figure Title           Page 
7.4 The impact of storage of microcapsules on the retention of AA 
for capsules with varying loading rate of incorporation of AA. 
Experimental conditions involved storage of samples in air-tight 
containers under dark conditions at ambient temperature (approx 
22°C) for six months 
71 
7.5 The impact of varying of core loading rates on moisture content 
of microcapsules by spray drying 
72 
7.6 The impact of varying of core loading rates on aw of 
microcapsules by spray drying 
73 
7.7 The impact of varying of core loading rate on L* values of 
microcapsules by spray drying 
75 
7.8 The impact of varying of core loading rate on a* and b* value of 
microcapsules by spray drying 
72 
7.9 Morphology of spray dried microcapsules obtained using ESEM. Capsules were prepared with AA incorporated at rates of (1) 6% 
(2) 9% (3) 18% (4)  36% (5)  54% and  (6) 72% respectively 
77 
7.10 Graph of particle size distribution of combination F30+Instant 
MAPS +36% AA 
80 
8.1 Response surfaces for the effect of binding agent and core loading 
rates on yield by spray drying 
85 
8.2 Response surfaces for the effect of binding agent and core loading 
rates on MC by spray drying 
87 
8.3 Response surfaces for the effect of binding agent and core loading 
rates on aw by spray drying 
89 
8.4 Analytical curve obtained for calibration using standard AA and 
iso-AA as the internal standard 
91 
8.5 A typical electropherogram of AA extracted from microcapsules 
with different binding agent and core loading rate 
92 
8.6 Response surfaces for the effect of binding agents and core 
loading rates on AA recovery by spray drying 
93 
8.7 ESEM images of microencapsulated AA with rice starch as wall 
material and ALG + LMP as the binding agents at various rates 
95 
8.8 The effect of binding agents and core loading rates on particle 
size distribution by spray drying 
97 
List of figures 
 
 xix 
Figure Title Page 
9.1 Response surface for the effect of inlet air temperature and feed 
flow rate on AA yield by spray drying 
103 
9.2 Response surface for the effect of inlet air temperature and feed 
flow rate on AA retention by spray drying 
106 
9.3 Response surface for the effect of inlet air temperature and feed 
flow rate on moisture content by spray drying 
107 
9.4 Response surface for the effect of inlet air temperature and feed 
flow rate on aw retention by spray drying 
109 
9.5 ESEM images of microencapsulated AA at various inlet air 
temperature, feed flow rate and magnifications 
112 
9.6 The effect of inlet air temperatures and feed flow rates for 
encapsulated AA on particle size distribution 
113 
10.1 The appearance of samples at different steps in the bread making 
process, when sub-sampling occurred 
118 
10.2 The impact of loading rate of incorporation encapsulated with 
F30+Instant MAPS and unencapsulated AA (pure AA) into bread 
showing internal features 
120 
10.3 The impact of loading rate of incorporation encapsulated with 
Rice starch+ALG-LMP and unencapsulated AA into bread 
showing internal features 
122 
10.4 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on retention of  AA during initial mixing stage 
123 
10.5 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on retention of  AA during dough proving 
124 
10.6 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on retention of  AA after baking 
125 
10.7 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on retention of  AA during initial mixing stage, 
dough proving and after baking 
126 
10.8 The impact of loading rate of incorporation encapsulated AA into 
bread formulation on bread moisture content with F30+Instant 
MAPS hydrocolloids 
127 
List of figures 
 
 xx 
 
Figure Title Page 
10.9 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on retention of  AA during initial mixing stage 
128 
10.10 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on retention of  AA during dough proving 
129 
10.11 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on retention of  AA after baking 
130 
10.12 The impact of microcapsules (%RDI) incorporated on retention of 
AA  during bread making process 
131 
10.13 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on bread moisture content with rice 
starch+ALG+LMP hydrocolloids 
132 
10.14 ESEM images of bread incorporated with different loading of 
encapsulated AA at various magnifications (a) Fortified bread 
with non-encapsulated AA, 100×; (b) Fortified bread with 18% 
encapsulated AA, 100×; (c) Fortified bread with 18% 
encapsulated AA, 3000×;  (d) microcapsule with 18% AA, 2000× 
133 
 
Abbreviations 
 xxi 
Abbreviations 
 
a* chroma value in colour measurement (redness)   
AA ascorbic acid 
APA American Psychological Association 
aw water acitivity 
AACC American Association of Cereal Chemists 
ANOVA analysis of variance 
ANZ Australia New Zealand 
AOAC  Association of Official Analytical Chemists 
b* chroma value in colour measurement (yellowness)   
BRI Bread Research Institute of Australia 
CE capillary electrophoresis 
CZE capillary zone electrophoresis 
DE dextrose equivalent 
DHAA L-dehydroascorbic acid 
DTT 1,4-dithiothreitol 
ESEM environmental scanning electron microscopy 
F17 Fieldose 17 
F30 Fieldose 30 
FAO Food and Agriculture Organisation 
FDA Food and Drug Administration (United States of America) 
FSANZ Food Standards Australia New Zealand 
g acceleration due to gravity 
HPLC 
MC 
high-performance liquid chromatography 
moisture content 
MEKC micellar electrokinetic chromatography 
NHMRC National Health and Medical Research Council 
Abbreviations 
 xxii 
ICC International Association for Cereal Science and Technology 
Instant MAPS modified waxy maize starch  
IFT Institute of Food Technologists (Chicago) 
IUPAC International Union of Pure and Applied Chemistry 
L* chroma value in colour measurement (lightness)   
n the number of replicate analyses used in calculation of individual results 
NHMRC National Health and Medical Research Council (Australia) 
RDA recommended dietary allowance 
RDI recommended daily intake 
rpm  revolutions per minute 
RS resistant starch 
SEM scanning electron microsocopy 
sd standard deviation 
TCA trichloroacetic acid 
TEM Transmission electron microscopy 
UK United Kingdom 
US United States of America 
USDA ARS US Department of Agriculture, Agricultural Research Service 
uv ultraviolet 
 
Appendices  
 
 xxiii 
List of appendices 
 
Appendix Title Page 
1 Products information for baker flour 157 
2 Specification sheet for Fieldose 30 (F30) 158 
3 Specification sheet for Instant MAPS 159 
4 Specification sheet for Pectin 160 
5 The outer structure of unencapsulated AA food grade before 
spray drying solution preparations with 3000× and  400× 
magnification 
161 
6 The outer structure of unencapsulated Instant MAPS before spray 
drying solution preparations with 1500× and  200× 
magnifications 
162 
7 The outer structure of unencapsulated rice starch before spray 
drying solution preparations with 3000× and  6000× 
magnifications 
 
163 
8 The outer structure of AA encapsulated with F30+Instant MAPS 
with 3000× and  6000× magnifications 
 
164 
9 Minitab output for response surface regression response surface 
regression and analysis of variance for the effects of varying 
proportions of hydrocolloids during encapsulation of AA by spray 
drying (Chapter 8)  
165 
10 Minitab output for response surface regression response surface 
regression and analysis of variance optimisation of spray drying 
condition (Chapter 9) 
170 
11 A typical electropherogram and data report obtained from CE 
analysis of AA extracted from microcapsules 
173 
12 The Niro Atomiser spray dryer instrument 174 
   
 
Explanatory notes 
 xxiv 
Explanatory notes 
 
In general, the purpose of these notes is to briefly describe the approaches adopted 
during the preparation of this thesis. They relate to units of measurement, the expression 
and presentation of analytical results and the referencing of literature sources: 
1. Where alternative spellings are in common use then the British rather than the 
American approach has been adopted in the text.  
2. For the presentation of the experimental results, SI units have been used 
throughout this thesis. 
3. Generally experimental data and calculating is presented on a dry weight (or dry 
matter) basis rather than a fresh weight basis unless otherwise clearly specified. 
The reason that this approach was adopted has been to facilitate direct 
comparisons of results obtained at different processing stages during bread making 
process. 
4. In the relation to a number of other specific formatting issues, it was also decided 
that, for this thesis, the style would be : 
a. Space between number and units of measurement ( for example 44 mm); 
b. Space between number and degree sign (for example: 80 °C); 
c. No space between % and number (for example: 48%); and 
d. Space between ± and number (for example: 26 ± 1 °C); 
5. In the citation and listing of references and information sources, the current 
recommendations of the American Psychological Association (APA) have been 
used throughout this thesis. This was chosen on the basis that it is widely adopted 
and has recently been selected as the format for use in the one of the leading 
international journals in the field of food science and technology entitled Food 
Chemistry. 
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Chapter 1 
 
Overview of the research 
 
 
 
This chapter provides an overview of the research program described in this thesis on 
the development and application of microencapsulation technology for enhanced 
retention of ascorbic acid (AA) used in fortification of foods. The project has been 
developed on the basis of the following issues: 
 
• Fortification with vitamins is often challenging due to their susceptibility to 
degradation during processing and storage and to reaction with other components in 
the food system. Vitamins are generally sensitive to temperature, moisture, light as  
well as pH and their potency is often compromised by their reaction with their 
ingredients; 
 
• The technology of microencapsulation provides a potential strategy for enhancing 
retention of sensitive and expensive food components, including AA through 
protection from adverse conditions. Microencapsulation holds promise for 
successful delivery of bioactive ingredients into food (fortification) and has potential 
to enhance the functionality of bioactive ingredients, thus maximising the health 
benefits available to consumers from these foods; 
 
• Although some work on microencapsulation of vitamins can be found in the 
literature, relatively little published data specifically addresses the challenge of 
microencapsulating water-soluble vitamins for use in food formulations, including 
AA in baked products. This is an interesting issue that warrants investigation, since 
the role and significance of AA in food fortification are well established and 
recognized;  
 
• The technology of spray drying is the most common technique used to produce 
microencapsulated food materials. The equipment is readily available and 
production costs are typically lower than for most alternative approaches. Spray 
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drying has been investigated as an encapsulation technique for various applications 
in the food industry because it is flexible, continuous and very economical. 
 
• Collaborative research between DSTO Scottsdale and RMIT University has sought 
to overcome the problems arising from the inherent instability of ascorbic acid 
during processing and storage of foods. This work has demonstrated the potential of 
microencapsulation by spray drying as a means to enhance retention.  
 
• This recent research has compared encapsulating agents suitable for enhancing the 
stability of AA during storage, particularly against harsh storage conditions of 
elevated temperature applied over extended periods of time. Various combinations 
of hydrocolloid encapsulating agents were identified as having potential for 
enhancing stability of ascorbic acid. However, further studies are now needed to 
investigate their incorporation into food systems in order to assess their retention 
and stability characteristics. 
 
The proposed project now seeks to study the approaches that have been developed, 
particularly by incorporating microcapsules into foods selected as representing those 
which might provide useful information in the context of applications in foods for active 
military personnel. Therefore, the broad aim of the research reported in this thesis is to 
evaluate strategies for enhancing retention of AA through microencapsulation. The 
specific objectives are: to investigate the impact of loading of AA in capsules and its 
significances as a determinant of retention during storage; to investigate the effect of 
varying hydrocolloids on retention of AA and characteristics of microcapsules 
produced; to optimise the processing conditions of spray drying by response surface 
analysis; and to evaluate the retention of AA incorporated during bread-making. 
 
Accordingly, this study is based on the hypothesis that microencapsulation technology 
could provide protection and increase the stability of AA in food applications. Therefore 
underlying this project seeks to investigate the development and application of 
microencapsulation for enhanced retention of AA used in fortification of foods. 
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Chapter 2 
 
Background and literature review: Overview of 
microencapsulation in food products 
 
 
 
The purpose of this chapter is to provide background and review the current scientific 
literature on the microencapsulation in food products. The areas covered are a 
descriptive introduction to microencapsulation, the advantages and significance of 
microencapsulation technology in food fortification, application of spray drying in food 
microencapsulation, types of materials used for food encapsulation and the 
characterization methods for encapsulates are also reviewed.  
 
2.1 Introduction to food microencapsulation 
 
Microencapsulation may be defined as a process in which micro-particles or droplets are 
surrounded by a coating, or embedded in a homogeneous or heterogeneous matrix, to 
give small capsules with many useful properties under specific conditions 
(Gharsallaoui, Roudaut, Chambin, Voilley, & Saurel, 2007). This is a process to entrap 
active agents within a carrier material and it is a beneficial tool to enhance delivery of 
bioactive molecules and also living cells into foods. Core material, the active agent, fill, 
internal phase or payload phase are terms used for the material being encapsulated. The 
ingredients used for encapsulating may be referred to as the coating, membrane, shell, 
carrier material, wall material, external phase or matrix. The wall material of 
encapsulates used in food products or processes have to be considered to be food grade 
and able to form a barrier for the active agent and its surrounding environment and 
conditions (Gharsallaoui et al., 2007; Nedovic, Kalusevic, Manojlovic, Levic, & 
Bugarski, 2011; Zuidam & Shimoni, 2010). 
 
Microencapsulation is the entrapment of a component (i.e. the 'core') within a secondary 
material (encapsulant matrix) (Mary Ann Augustin, Sanguansri, & Oliver, 2009). 
Encapsulation isolates the core from its environment until its release in response to an 
external stimulus or trigger. It protects the core against degradation during storage and 
against stresses that are encountered during processing. Encapsulation can be used to 
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prevent/decrease the oral release of components that have undesirable taste properties 
and it has the potential to enable the targeted delivery of bioactives within the 
gastrointestinal tract. Food-grade cores and encapsulant matrices are desired for 
designing encapsulated ingredients that are intended for incorporation into food 
products (Mary Ann Augustin et al., 2009; Nedovic et al., 2011; Sanguansri & 
Augustin, 2010). 
 
Another description of microencapsulation is the coating of small solid particles, liquid 
droplets, or gas bubbles with a thin film of coating or shell material, sealed capsules that 
can release their contents at controlled rates under specific conditions (Kashappa Goud 
H. Desai & Jin Park, 2005). Microencapsulation technology provides a strategy for 
enhancing retention of sensitive and expensive food components, including AA through 
protection from adverse conditions and allowing delivery to the target site at the 
designed time. Most researchers use the term microcapsule to describe products having 
particles with diameters between 1 and 1000 μm that contain a desired ingredient of 
some sort although up-to-date no officially approved definition of a microcapsule exists 
(Thies, 2003). The term nano-particles is used to refer to particles having diameters 
smaller than 1 μm; particles greater than 1000 μm can be also called microgranules or 
macrocapsules (Kashappa Goud H. Desai & Jin Park, 2005; Thies, 2003). 
 
Microencapsulation may be used to enhance a physical barrier between the core 
compound and the other components of the product (Gharsallaoui et al., 2007). More 
especially, in the food field, microencapsulation is a technique by which liquid droplets, 
solid particles or gas compounds are entrapped into thin films of a food grade 
microencapsulating agent. The core may be composed of just one or of several 
ingredients and the wall may be single or double-layered. The retention of these cores is 
governed by their chemical functionality, solubility, polarity and volatility (Gharsallaoui 
et al., 2007; Zuidam & Shimoni, 2010). 
 
Furthermore, a full understanding of the microencapsulation process and the potential 
contribution that microcapsules can make to food products rests on a knowledge of 
mass transport phenomena, properties of coating materials along with an understanding 
of processes by which small particles are produced. The shell of a microcapsule must 
control diffusion of material either from a microcapsule or into a microcapsule since the 
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primary purpose of microencapsulation is to control, in some manner, mass transport 
behavior, (Figure 2.1). The shells of microcapsules also are expected to enhance the 
protection of sensitive food components including flavors and vitamins from oxygen, 
water, light and heat. They may also function to convert difficult-to-handle liquids into 
free-flowing powders readily incorporated into various foods or to isolate specific food 
components during processing and storage. The use of food microencapsulates may 
allow food ingredients to be carefully tailored to the specific site or function through the 
choice of microcapsule variables, particularly, the method use in forming the capsule as 
well as the food ingredient-polymer ratio (Kashappa Goud H. Desai & Jin Park, 2005; 
Thies, 2003). 
 
 
 
 
Figure 2.1 Characteristic structures of commercial microcapsules (Thies, 2003): 
(a) continuous core/shell structure;  
(b) multinuclear  
 
Many of the earliest developments in microencapsulation were in various industries but 
not including the food applications. Probably the most common uses have been in 
pharmaceutical products particularly for drug protection and controlled release. It has 
only been relatively recently that microcapsules have been considered in food industry 
applications (Gouin, 2004). As reported by Desai & Jin Park, 2005; Gharsallaoui et al., 
2007; Nedovic et al., 2011; Shahidi & Han, 1993, the encapsulation processes can be 
applied for a variety of reasons and some of these are : (Kashappa Goud H. Desai & Jin 
Park, 2005; Gharsallaoui et al., 2007; Nedovic et al., 2011; Shahidi & Han, 1993). 
• Microencapsulation can be a useful tool to enhance delivery of bioactive 
molecules, 
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• Protect sensitive core ingredients from environmental factors by providing a 
physical barrier without any protrusion of the bioactive compounds; 
• Protection may be from oxygen, water and light; undesirable interactions with 
other ingredients;  
• The control of diffusion processes; 
• Isolate or control the release of an encapsulated ingredient at the right place and 
the right time; Modify the physical characteristics of the original material thereby 
making handling easier;  
• Adjust the evaporation or transfer rate of the core material to the outside 
environment by either decreasing or retarding this;  
• In addition, the core material can be diluted when only very small amounts are 
required and still achieve a uniform dispersion in the host material; and  
• The maintenance of separation of components within a mixture that would 
otherwise react with one another . 
 
Abbas et al. (2012) have recently summarized the importance and benefits of 
microencapsulation technology in the food industry, based upon a variety of studies 
(Angelich, 2005; M.A.  Augustin & Sanguansri, 2007; Dziezak, 1988; F. Gibbs, 1999; 
Gouin, 2004; Madene, Jacquot, Scher, & Desobry, 2006; Ren, Donald, & Zhang, 2007; 
Risch Sara, 1995; Shahidi & Han, 1993; Yuliani, Bhandari, Rutgers, & D'Arcy, 2004). 
This technology appears to be a useful tool to protect sensitive food ingredients from 
degradation and has provided researchers with opportunities to develop foods with 
novel formulations and enhanced solutions to the many challenges faced in product 
formulation and development (Mourtzinos et al, 2008; Schrooyen et al, 2001) (). One of 
the most important reasons for encapsulation of active ingredients is to provide greater 
stability during processing as well as in final products. Another benefit of encapsulation 
is reduced evaporation and degradation of volatile actives, including aroma components 
and also, further objective can be to prevent reaction with other components in food 
products including oxygen and water (Nedovic et al., 2011). Furthermore, encapsulation 
may be used to immobilize cells or enzymes in food processing applications, with 
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examples being processes involving fermentation and metabolite production (Nedovic 
et al., 2011). 
 
2.2 Application of spray drying in food microencapsulation 
 
A comprehensive review of the literature indicates that spray-drying technology is the 
most common and cheapest technique to produce microencapsulated materials for the 
food industry (Kashappa Goud H. Desai & Jin Park, 2005). The equipment is readily 
available and production costs are lower than most other methods; for example, the cost 
of spray-drying methods is generally 30 to50 times cheaper than freeze drying 
(Desobry, Netto, & Labuza, 1997). This is the most extensively applied encapsulation 
technique in the food industry because it is flexible, continuous, but more importantly, 
an economical operation (Nedovic et al., 2011). In food industry, the spray-drying has 
been used also for decades to dehydrate a variety of food ingredients, particularly milk, 
and more recently for encapsulation of flavors, lipids, and carotenoids (Kashappa Goud 
H. Desai & Jin Park, 2005; Desobry et al., 1997; Frascareli, Silva, Tonon, & Hubinger, 
2012; Gharsallaoui et al., 2007; Nedovic et al., 2011).  
 
In addition, Frascareli, Silva, Tonon, & Hubinger (2012), in summarizing food 
microencapsulation, referred to spray drying as the most common procedure used. They 
are cost effective, flexible and produces particles having suitable quality characteristics. 
The most widely reported use of the spray drying process has been to encapsulate oils 
and flavours, with examples including sunflower oil (Ahn et al., 2008), avocado oil 
(Bae et al., 2008), cardamom oleoresin (Krishnan, Kshirsagar, & Singhal, 2005), 
cinnamon oleoresin (Vaidya, Bhosale, & Singhal, 2006), peppermint essential oil 
(Baranauskienė, Bylaitė, Žukauskaitė, & Venskutonis, 2007) and l-menthol 
(Soottitantawat et al., 2005). Notably the resultant powdered particles were more readily 
handled than the original liquid oils. 
 
Spray drying is the operation in which a feed liquid is transformed from a fluid state 
(solution, dispersion or paste) into a dried particulate form by spraying the prepared 
fluid into a hot drying medium. Spray drying techniques have been widely used for 
drying heat sensitive materials, particularly pharmaceuticals as well as other substances, 
because of the rapid evaporation of the solvent from the droplets. The initial liquid 
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feeding the sprayer can be a solution, an emulsion or a suspension. Spray-drying has 
been described as producing, depending on the starting feed material and operating 
conditions, either a very fine powder (10–50 μm) or large size particles (2–3 mm) 
(Kashappa Goud H. Desai & Jin Park, 2005; Gharsallaoui et al., 2007; Ré, 1998). The 
schematic diagram and steps involved in a typical spray-drying encapsulation process 
are presented in Figure 2.2. 
 
 
 
 
Figure 2.2 Schematic diagram and steps involved in a spray-drying 
encapsulation process (Thies, 2003). 
 
The application of spray-drying in microencapsulation generally involves four stage; 
preparation of the dispersion or emulsion; homogenization of the dispersion; 
atomization of the feed emulsion; and dehydration of the atomized particles 
(Gharsallaoui et al., 2007; Shahidi & Han, 1993).  
 
Where an oil material is involved, the first stage in encapsulation by spray drying is the 
formation of a fine and stable emulsion preparation of the core material in the wall 
solution, as this plays an important role in determining the surface oil content present in 
the final encapsulated powder (Gharsallaoui et al., 2007; Jafari, Assadpoor, He, & 
Bhandari, 2008). The significant parameters to be considered in the emulsion formation 
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are: total solid concentration, oil content, viscosity, stability, droplet size and 
emulsification method (Gharsallaoui et al., 2007; Jafari et al., 2008). If the emulsion is 
sufficiently stable and presents optimal conditions of viscosity and droplet size, then the 
encapsulation efficiency can be maximized by the right choice of the spray drying 
parameters, including inlet and outlet air temperatures, emulsion temperature, 
atomization conditions, drying air flow rate and humidity (Gharsallaoui et al., 2007; 
Jafari et al., 2008).  
 
The next stage that usually requires optimization is the atomization of the feed 
emulsion. This is important when spray drying involves the atomization of emulsions 
into a drying medium with high temperature, resulting in a very fast water evaporation 
(Gharsallaoui et al., 2007; Tonon, Grosso, & Hubinger, 2011) This, in turn, results in 
the rapid formation of a crust and the quasi-instantaneous entrapment of the core 
material (Gharsallaoui et al., 2007; Tonon et al., 2011). 
 
Another stage that needs to be considered in order to obtain effective 
microencapsulation is the dehydration of the atomized particles. According to 
Gharsallaoui et al., (2007), the process of water removal during spray-drying of 
solutions is a widely applied engineering practice. Spray-drying is commonly used in 
the food industry in order to ensure microbiological stability of products by decreasing 
water content and water activity, to avoid the risk of chemical and/or biological 
degradations, to reduce the storage and transport costs, and finally obtain a product with 
specific properties with a common example being instantaneous solubility. Thus, it is 
important to optimize the drying process, in order to obtain the minimal surface oil in 
the powdered particles (Frascareli et al., 2012). 
 
Despite the numerous advantages of spray drying techniques for food 
microencapsulation, according to Gharsallaoui et al (2007), there are also some 
limitations of this technology. The main limitation is the relatively limited number of 
wall materials available in the market which also have the property of good solubility at 
high concentration. Another possible limitation to be considered is that spray drying 
produces fine microcapsular powders which may require further processing in the form 
of agglomeration  
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2.3 Commonly used wall materials for food encapsulation 
 
A very important consideration for encapsulation efficiency and microcapsule stability 
involves the choice of wall material for by spray-drying. In a broad sense there are a lot 
of materials that may be used to encapsulate solids, liquid or gases of different type and 
properties. However, materials used for design of protective shell of encapsulates must 
be food-grade, biodegradable and able to form a barrier between the internal phase and 
its surroundings. A multitude of substance are known which can be used to entrap, coat 
or encapsulate solid, liquids or gases, origins and properties. However only a limited 
number there have been certified for food applications as “generally recognized as safe” 
(GRAS) materials. It must be mentioned that regulations regarding food ingredients, 
including additives, are much rigid than for pharmaceutical or cosmetic applications. 
Consequently, some compounds, which are widely accepted for drug encapsulation, 
have not been approved for use in food industry. Moreover, different regulations can 
exist for different continents, economies or countries and this poses a problem which 
has be addressed by food producers who wish to export their products or who intend to 
expand their markets (Gharsallaoui et al., 2007; Nedovic et al., 2011; Wandrey, 
Bartkowiak, & Harding, 2010; Zuidam & Shimoni, 2010). 
 
Past research has indicated that a range of edible material can be used as wall materials 
for encapsulation including polysaccharides, fats, waxes and proteins (Baranauskienė et 
al., 2007; K. G. H. Desai & Park, 2005; Dian, Sudin, & Yusoff, 1996; Fernandes, 
Candido, & Oliveira, 2012; Ferrari, Marconi G. S. P, Alvim, & de Aguirre, 2013; 
Gökmen et al., 2011; Krishnaiah, Sarbatly, & Nithyanandam, 2012; Krishnan et al., 
2005; Rosenberg & Sheu, 1996; Sheu & Rosenberg, 1995; Shu, Yu, Zhao, & Liu, 2006; 
Wijaya, Bui, & Small, 2011). Among all of the potential materials, the most widely 
used for encapsulation in food applications are polysaccharides. Proteins and lipids are 
also reported as being appropriate for encapsulation (Nedovic et al., 2011; Wandrey et 
al., 2010). 
 
Examples of capsule shell materials currently described as being used to produce 
microcapsules for commercial food products, and the corresponding chemical class to 
which the shell material belongs, the encapsulation process typically used to produce 
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microcapsules with each shell material and frequent food applications are described in 
Table 2.1. Shell material costs vary greatly and as a result, the food industry favours the 
cheapest acceptable shell materials that are capable of providing desired performance, 
are available in commercial quantities, and are approved by the relevant regulatory 
authorities. 
 
Table 2.1 Wall materials used to produce microcapsules available in the market 
(Thies, 2003) 
 
Wall material Chemical class Encapsulation process Applications 
Gum Arabic Polysaccharide Spray drying Food flavors 
Derivatized starch Polysaccharide Spray drying Food flavors 
Gelatin Protein Spray drying Vitamins 
Whey protein Protein Spray drying Fats 
Maltodextrins Low-molecular-weight carbohydrates 
Spray drying 
and desolvation Food flavors 
Hydrogenated 
vegetable oils Glycerides Fluidized bed 
Assorted 
food 
ingredients 
Complex coacervation Protein-polysaccharide complex 
Complex 
coacervation 
Assorted 
flavors 
Note 1 Source of data used was (Thies, 2003). 
 
The wall system of microcapsules is designed to protect active ingredients from factors 
that may cause deterioration. The criteria for selecting a wall material are mainly based 
on the physico-chemical properties particularly solubility; molecular weight; 
glass/melting transition; crystallinity; diffusibility; film forming ability as well as 
emulsifying properties (Gharsallaoui et al., 2007). Moreover, the costs should be also 
considered. Thus, judicious choice of encapsulating material according to the desired 
application is an important task (Gharsallaoui et al., 2007). 
 
Carbohydrates including starches, maltodextrin and corn syrup solids are commonly 
used in microencapsulation of food ingredients (Gharsallaoui et al., 2007). However, 
wall materials that are based on these compounds have poor interfacial properties and it 
has been reported that these must be chemically modified in order to improve their 
surface activity (Gharsallaoui et al., 2007). Among the wall materials used have been 
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rice starch and various maltodextrin preparations and the characteristics of these will be 
now be reviewed briefly. 
 
2.3.1 Starch 
 
Among the most common ingredients considered for use in the food industry to retain 
and protect bioactive ingredients are starch and starch-based ingredients. These can act 
as carriers for aroma encapsulation, probiotic bacteria, bioactives, vitamins, fat replacers 
and also emulsion stabilizers (Borrmann, Pierucci, Leite, & Leão, 2013; Fernandes et 
al., 2012; Mirzaei, Pourjafar, & Homayouni, 2012; Romo-Hualde, Yetano-Cunchillos, 
González-Ferrero, Sáiz-Abajo, & González-Navarro, 2012). Madene et al (2006) has 
provided a summary indicating that some researchers have created new wall materials 
using starch based products (Golovnya, Misharina, & Terenina, 1998; Madene et al., 
2006). Zhao & Whistler, (1994) showed the interesting and potentially useful property 
of starch granules being able to form porous spheres, when spray dried in the presence 
of a small amount of bonding agent such as various water soluble polysaccharides and 
proteins. Subsequently some researchers have used a variation of this application by 
treating starch granulas with amylase enzymes to create more highly porous stuctures 
(Fannon, Shull, & Bemiller, 1993; Karathanos & Saravacos, 1993; Yamada et al., 1995; 
Zeller, Saleeb, & Ludescher, 1998). 
 
2.3.2 Maltodextrin 
 
Generally, maltodextrins are formed by partially hydrolysing corn flour with acids or 
enzymes and they are supplied on the basis of their dextrose equivalent value (DE). The 
degree of hydrolysis of the starch can be varied widely to provide maltodextrins having 
a range of functional properties and hence a diversity of food applications. For example 
in studies of encapsulation of flavour components, using the maltodextrin with DE of 10 
gave the best retention and as DE increased (DE 15, DE 20, DE 25 and DE 36.5), 
flavour retention decreased (Anandaraman & Reineccius, 1986; Bangs & Reineccius, 
1982; M., 1995; Madene et al., 2006; Shahidi & Han, 1993). Moreover, flavour 
retention during storage increased with the increasing DE value of the maltodextrin  
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Maltodextrins are considered as good encapsulating agents because they exhibit low 
viscosities at high solids content and good solubility. Maltodextrins also provide good 
oxidative stability to encapsulated oil but poor emulsifying capacity, stability and low 
oil retention. Maltodextrins have been shown to provide good oxidative stability to 
encapsulated oil (F. Gibbs, 1999; Gharsallaoui et al., 2007). The ability of maltodextrin 
to protect encapsulated products against oxidation is attributed to their film forming 
capacity and plastic properties (Bangs & Reineccius, 1982, 1988; Madene et al., 2006). 
Furthermore, maltodextrin also provided greater stability for spray dried products and 
the use of a combination of maltodextrin with other carrier agents has reported to 
promote enhanced maintenance of antioxidant potential for blackberry powder (Ferrari 
et al., 2013). 
 
2.4 Characterization methods for encapsulates 
 
In general, encapsulates are particles with core shell structure, but some of them can 
have more complex structure, e.g. in form of multiple cores embedded in a matrix 
(Figure 2.1). Basically, particles have characteristic physical, mechanical and structural 
properties, and these include particle size, size distribution, morphology, surface charge, 
wall thickness, mechanical strength, glass transition temperature, degree of crystallinity, 
flowability and permeability. It is important to understand their behaviour and 
properties in different environments, including their manufacturing process and for the 
purposes of the application by the end-user (Zhang, Law, & Lian, 2010). 
 
A variety of advanced instruments are available commercially for the measurement of 
physical properties of encapsulates. The instruments involve microscopy, X- ray and 
laser light scattering and these have been used to measure capsule properties including 
their size distribution, shape, morphology and surface charge (Mercadé-Prieto et al., 
2012). Extensively characterization studies have been undertaken, from their size 
distribution, to their surface morphology and mechanical strength, in order to fully 
understand the behaviour of microcapsules. It is noted that absolute parameters 
particularly the permeability depends primarily on the nature of the shell and permeate, 
and somewhat on the nature of the solvent used. A knowledge of these factors allows a 
much more effective comparison of microcapsules, either for quality control or for 
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development of novel products (Long, York, Zhang, & Preece, 2009; Mercadé-Prieto et 
al., 2012).  
 
2.4.1 Scanning electron microscopy (SEM) 
 
SEM as having a resolution approximately 3 nm and, in addition, the technique has the 
feature of simplicity in sample preparation and ease of operation. It has a strong 
advantage because of its capability to evaluate samples ranging in size from nanometre 
up to the centimeter scale. The spacious chamber and goniometer of an SEM can 
accommodate relatively large samples as compared to the more traditional transmission 
electron microscopes and provide nearly unlimited points of viewing with assistance of 
translational, tilting and rotary movements (Rouèche, Serris, Thomas, & Périer-Camby, 
2006; Shu et al., 2006; Zhang et al., 2010). 
 
Most microcapsules are small spheres having diameters between a few micrometers and 
a few millimeters, although many microcapsules bear little resemblance to simple 
spheres. In fact, both the size and shape of formed microparticles depends on the 
materials and procedures used to prepare them. The different types of microcapsules 
and microspheres are produced from a wide range of wall materials (monomers and/or 
polymers) and by a large number of different microencapsulation processes including: 
spray-drying, spray-cooling, spray-chilling, air suspension coating, extrusion, 
centrifugal extrusion, freeze-drying, coacervation, rotational suspension separation, co-
crystallization, liposome entrapment, interfacial polymerization and molecular inclusion 
(Kashappa Goud H. Desai & Jin Park, 2005; Gharsallaoui et al., 2007; King Alan, 1995; 
Shahidi & Han, 1993). 
 
Moreover, depending on the physico-chemical properties of the core, the wall 
composition, and the used microencapsulation technique, different types of particles can 
be obtained: simple sphere surrounded by a coating of uniform thickness; particle 
containing an irregular shape core; several core particles embedded in a continuous 
matrix of wall material; several distinct cores within the same capsule and multi-walled 
microcapsules (Kashappa Goud H. Desai & Jin Park, 2005; Gharsallaoui et al., 2007; 
King Alan, 1995; Shahidi & Han, 1993). The morphology of different types of 
microcapsules is shown in Figure 2.3. 
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Figure 2.3 Morphology of different types of microcapsules (Gibbs, Kermasha, 
Alli, & Mulligan, 1999). 
 
2.4.2 Environmental scanning electron microscopy (ESEM) 
 
This newer technique has some important advantages applications in comparison with 
conventional SEM. While the latter normally requires a relatively high vacuum in the 
specimen chamber to prevent atmospheric interference with primary or secondary 
electrons, ESEM can be done with a relatively low vacuum (up to 10 Torr of vapour 
pressure, or one 76th  of atmosphere pressure) in the specimen chamber and allows “wet 
mode” imaging, which is essential to investigate the surface tomography of wet 
encapsulates (Ren et al., 2007; Zhang et al., 2010). 
 
Furthermore, for many applications, significant advantages are provided by ESEM 
when compared with conventional SEM. The less extreme vacuum environment of the 
ESEM allows safe and convenient observation of specimens unsuited to the  conditions 
of the conventional SEM (Fletcher, Thiel, & Donald, 1999; Goldstein et al., 2003; 
James, 2009). Moreover, new modes of imaging are available and these can generate 
novel information. The ESEM has also offer flexibility in operation compared to 
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conventional high vacuum SEM with only minor modification for handling of a wide 
variety of practical problems and specimens (Goldstein et al., 2003).  
 
2.4.3 Transmission electron microscopy (TEM) 
 
These instruments are capable of resolving structures with smaller dimensions than 
optical microscopy and have been used over a number of decades due to the limitations 
of optical microscopy. TEM focuses electrons emitted by a heated filament to provide 
images restricted only by the wavelength of electrons, which is approximately 0.003 
nm. The operation of TEM must be under high vacuum to prevent collisions of electron 
with air molecules, which can cause significant losses in resolution. It is noted that to 
provide sufficient energy so that the particles of the beam are able to penetrate samples, 
electromagnets are also used. Generally TEM has been used as a reliable technique in 
microscopy to quantify the morphology and shell thickness of encapsulates, as it has 
higher resolution compared to SEM. The primary disadvantages of TEM are that it is 
quite time consuming particularly because sample preparation can be quite tedious 
(Chiu et al., 2005; Zhang et al., 2010)  
 
2.4.4 Laser light scattering 
 
In relation to the evaluation of particle size, microscopy is generally considered to be a 
relatively slow technique particularly if a large number of encapsulates need to be 
measured. When microscopy is used in combination with image analysis, the size of 
single encapsulates can be readily measured. For spherical particles, in either wet or dry 
samples and having a size range of 0.02 – 2,000 μm, measurement of size distribution 
can be carried using laser light scattering technique. The most widely used instrument 
for this purpose is the Malvern particle sizer which can measure thousands of individual 
particles of an encapsulates within a couple of minutes. However, it is recognized that 
this relies upon the refractive indexes of the shell material and suspending medium 
(Zhang et al., 2010). 
 
Recently, laser beam scattering has become the preferred method for analysing particle 
size in many industries for characterisation and quality control purposes. This approach 
is very useful since it gives quick and easy access to measurements of particle size 
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(Kwak, Lee, Ahn, & Jeon, 2009). The method relies on the fact that diffraction angle is 
inversely proportional to particle size. Basically, the instrument consists of a laser, as a 
source of coherent intense light of fixed wavelength, a suitable detector and a means of 
passing the laser beam through a prepared sample. Older instruments and some current 
instruments rely only on the Fraunhofer approximation which assumes that the particles 
are much larger than the wavelength of light employed, the particles are opaque and 
transmit no light as well as that all sizes of particle scatter with equal efficiency. 
However, these assumptions are not always correct for many materials particularly 
those having small particles, giving rise to errors approaching 30%, especially when the 
refractive index is close to unity. When the particle size approaches the wavelength of 
light, the scattering becomes a complex function with maxima and minima present 
(Rawle, 2012). 
 
Furthermore, it is noted  that laser diffraction gives the following advantages to the user: 
the method is an absolute one, set in fundamental scientific principles; the best laser 
diffraction equipment is able to measure in the range from 0.1-2000 μm; and the 
technique provides considerable flexibility. Dry powders can be measured directly, 
although this may result in poorer dispersion than available when a liquid dispersing 
medium is used, however, in conjunction with the analysis of a suspension, the former 
can be valuable in assessing the extent of agglomeration in the dry form; Liquid 
suspensions and emulsions can be measured in re-circulating cells and this gives high 
reproducibility as well as allowing dispersing agents and surfactants to be employed to 
ascertain the primary particle size; entire samples can be measured although sub-sample 
amounts are typically small (4-10 g for dry powders and 1-2 g for suspensions) and 
therefore representivity of sampling may be an important consideration. The method is 
non-destructive and non-intrusive; therefore samples can be recovered if they are 
valuable. In addition, results are generated directly as a volume distribution and this will 
reflect the weight distribution as long as the density of particles is constant; the method 
is reported to provide rapid and highly repeatable analyses; and high resolution of up to 
100 size categories within the range of the system can be calculated on the instrument 
(Rawle, 2012). 
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2.5 Summary and overview of current literature 
 
Based upon a thorough review of the literature which has been summarised briefly 
within this chapter, it can be concluded that microencapsulation represents a promising 
approach to be employed in the food industry. The main reason for encapsulation of 
active food ingredients is to provide enhanced stability both during processing and also 
in the final products. Spray drying technology has long been used in food processing 
and is the one encapsulation methods with most potential for the food industry because 
it is flexible and continuous, but more significantly it is an economical operation. Many 
different encapsulating agents may be considered for the production of microcapsules 
and some of these have been described, particularly starch-based materials. In addition, 
various techniques are commonly applied for assessing and characterising 
microcapsules in order to provide an understanding of potential applications for their 
increased use in food processing. 
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Chapter 3 
 
Background and literature review: the significance, stability, 
fortifications and determination of ascorbic acid 
 
 
 
The purpose of this chapter is to provide background and review current knowledge on 
AA, focusing on the significance, stability, fortification and analysis. The areas covered 
include an introduction to vitamins, the significance of AA, stability and factors 
influencing losses of AA, vitamin fortification strategies and a review of methods for 
analysis of AA. 
 
3.1 Introduction  
 
Vitamin C has been established as an essential bioactive, which includes a group of 
compounds that exhibit the biological activity of AA. Among these, AA is the best 
known. This micro nutrient is a water-soluble compound required for normal regulatory 
functions, having many diverse functions as a reducing agent in the body. It maintains 
the bound iron or copper ions of several hydroxylating enzymes in the necessary 
reduced state and aids in the absorption of iron (Ball, 2003). It is noted that AA is also 
believed to help in the fight against cancer by reducing harmful free radicals to harmless 
non- radical species as well as inhibiting the formation of carcinogenic N-nitroso 
compounds in the stomach (Ball, 2003). There is also evidence that vitamin C is 
involved in the human immune system and in the regulation of prostaglandin synthesis 
(Ball, 2003). However, the human body is incapable of synthesizing AA, which is 
different from most other animal species that can synthesise AA from glucose and have 
no need for dietary vitamin (Ball, 2003). As it cannot be stored in the human body, 
appropriate amounts must be supplied regularly through the diet to replenish this 
valuable compound (Abbas et al, 2012; Gregory, 2008) ().  
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3.2 The chemical properties of AA 
 
The structural properties of the AA molecule has a five-member ring structure, as 
shown in Figure 3.1, with two chiral carbons and four stereoisomers. Its molecular 
formula is C6H8O6, whereas systematically it is named 2, 3-endiol -L-gulonic acid -γ -
lactone. It is a white to yellowish crystalline powder with molecular weight of 176.13 
and melting point between 190.8 to 192.8 °C. It is insoluble in ether, chloroform, and 
benzene, whereas solubility in water is very high, 0.33 g/mL (Abbas et al., 2012; 
Johnston, Steinberg, & Rucker, 2007). 
 
OH
OH
OH
O
O
HO
 
 
 
Figure 3.1 The structure of the AA molecule 
 
 
Moreover, other related compounds include D-isoascorbic acid and L-dehydroascorbic 
acid. D-isoascorbic acid is not found in nature except in a limited number of 
microorganisms; however, it can be produced as a by-product of biosynthetic AA (AA 
produced from glucose by a combined chemical and microbial procedure) and has 5% 
of the biological activity of L-ascorbic acid. Dehydroascorbic acid is the oxidized form 
of L-ascorbic acid, which possesses 80% of the relative ascorbic acid activity, although 
some researchers have put this value as low as 10% (Abbas et al., 2012; Ball, 2006; 
Eitenmiller, Ye, & Landen, 2007; Ogiri et al., 2001). 
 
The Ability to donate hydrogen atoms to neutralize free radicals means that AA is a 
powerful antioxidant. It is noted that after scavenging, AA converts into 
dehydroascorbic acid, which can regain activity after accepting hydrogen atoms. The 
chemistry, function, metabolism, bioavailability, and effects of processing on plant L-
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ascorbic acid have been comprehensively reviewed by various authors (Abbas et al., 
2012; Bendich, 1990; Davey et al., 2000). 
 
AA is known as a very active reductant and is rapidly and reversibly transformed into 
L-dehydroascorbic acid (DHAA) in a two-electron oxidation in aqueous solutions. This 
reaction may be catalyzed by a variety of oxidative compounds including molecular 
oxygen, heavy metal ions, halogens as well as enzymes, the best known example of 
which is ascorbate oxidase. The chemical conversion of AA to DHAA can be reversed 
in vitro by thiol-containing reductants including cysteine, homocysteine, glutation, 
mercaptoethanol, dimercaptopropanol or dithiothreitol (DTT). DHAA also has reducing 
properties, especially in alkaline solutions, and may be irreversibly oxidized to 2,3-
diketogulonic acid and further to several other compounds which include threonic acid 
and oxalic acid. It is also noted that the oxidation and ring-opening process of the 
lactone ring of DHAA causes an irreversible loss of both the vitamin C activity and the 
antioxidant properties (Kall, 2003). 
 
AA is a dibasic acid with an enoldiol group built into a five-membered heterocyclic 
lactone ring. The AA molecule contains two chiral carbon atoms, C4 and C5 as shown 
in Figure 3.2, and theoretically, three stereoisomers of L-ascorbic acid therefore exist: 
D-ascorbic acid, D-isoascorbic acid, and L-isoascorbic acid. In the human organism, L-
ascorbic acid is the only active form. The synthetic isomer D-isoascorbic acid has the 
same chemical properties as AA, but this enantiomer of L-ascorbic acid has only 
approximately 5% vitamin C activity compared with AA. D-isoascorbic acid is often 
used as an antioxidant additive in processed foods (Kall, 2003). 
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Figure 3.2 Pathways for oxidation of ascorbic acid. AA ascorbic acid, AA• 
semidehydroascorbic radical; DHAA dehydroascorbic acid; DKG 2,3 
diketogluconic acid (Kall, 2003). 
 
3.3 The significance and stability of AA 
 
Many roles of AA have been identified: in the absorption of inorganic Fe, inhibition of 
the carcinogen formation, cofactor for enzymes, biosynthesis of carnitine and 
noradrenaline, stimulation of the synthesis of collagen, modulation of neurotransmitter 
systems in the brain and improvement of immunity against diseases (Ball, 2006). 
Vitamin C is important for its possible role in minimizing the risk of serious diseases 
including cancer, heart disease, cataracts, as well as high lead levels. Moreover, it has 
been thought to help fight against common colds by strengthening the immune system. 
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Deficiency in vitamin C is associated with the disease known as scurvy. The symptoms 
include bleeding gums, slow healing of wounds, dry skin, muscle pain and fatigue. 
Scurvy occurs when collagen (the major protein of animal tissues) synthesis is 
hampered by the unavailability of AA (Abbas et al., 2012; Ball, 2003, 2006). 
 
AA has important roles related to both enzymatic and chemical functions, and it is a 
cofactor for several enzymatic reactions involving metabolism of collagen and amino 
acids. AA is a water soluble vitamin, and under most physiological conditions, it is 
present in the mono-protonated form. It is considered to be the most important 
antioxidant in the extracellular compartment (Kall, 2003). As an antioxidant, AA 
donates electron to both intercellular and extracellular reactions. The oxidation product 
of such reactions, DHAA, forms a reversible redox system with AA, and this is an 
important characteristic of the reactions involving vitamin C.  Moreover, AA has 
scavenger properties and can eliminate free radicals under the formation of 
semidehydroascorbic acid, a nonreactive radical. The antioxidative properties of AA are 
frequently utilized in the food industry. It has been noted that AA is widely used as a 
food additive to enhance taste and color, and to restore the vitamin C lost during 
processing and storage (Gregory, 2008; Kall, 2003).  
 
Significantly both AA and DHAA are very unstable in aqueous solution, and 
measurable degradation may occur within minutes to hours, because of oxidation caused 
by a wide range of chemical compounds and enzymes. Vitamin C is present in most 
foodstuffs of vegetable origin but in varying concentrations. In order to measure vitamin 
C, it is important to take into consideration the reactivity and lack of stability of AA and 
DHAA. Over the last three decades, numerous methods have been published describing 
extraction and analyses of vitamin C in foodstuffs and physiological samples (Kall, 
2003). These methods cover a wide range of analytical principles from direct 
colorimetric determination or redox titration to modern, advanced high-performance 
liquid chromatography (HPLC) techniques, and furthermore, they cover a wide range of 
objectives and different requirements (Kall, 2003). 
 
 
Chapter 3 
 
 24 
3.4 Deficiency, toxicity and recommended dietary intake of AA 
 
The classical deficiency of vitamin C, scurvy, can occur under circumstances of poor 
diet, and may arise as a result of chronic alcoholism.  Vitamin C deficiency causes 
failure to maintain the cellular structure of the supporting tissues of mesenchymal 
origin, such as bone, dentine, cartilage, and connective tissues. As a consequence, 
vitamin C deficiency is characterized by weakness and fatigue, hyperkeratosis of the 
hair follicles, perifollicular hemorrhages, petechiae and ecchymoses, swollen bleeding 
gums, delayed wound healing, and the easy fracturing of bone (Ball, 2003; Basu & 
Donaldson, 2003). 
 
AA is generally regarded as being nontoxic at high intakes. Once the plasma 
concentration of ascorbate reaches the renal threshold, it is excreted more or less 
quantitatively with increasing intake. It is known that excessive daily intakes of vitamin 
C can cause an increased production of oxalic acid in some individuals, leading to an 
increased risk of kidney stone formation (Ball, 2003). 
 
The levels of vitamins required in the diet have been determined and many countries 
have established reference or recommended values. The general term dietary reference 
values is used to include recommended dietary allowance (RDA) (Wenlock and 
Wiseman, 1993). It is noted that in different countries the terminology RDI and RDA 
adopted has varied, as has the underlying basis for establishment of the specific 
recommendation. Abbas, et al., (2012) refers to the daily intake of vitamin C was 
recommended to be 30–40 mg per day for adults, however it is also noted that with the 
growing awareness and better understanding of functional properties of vitamin C has 
motivated researchers to periodically revise the recommended value. The Food and 
Agriculture Organization/World Health Organization (FAO/WHO) RDA is 45 mg/day 
for adults, whereas the Food and Nutrition Board, Institute of Medicine, suggested 90 
and 75 mg/day for healthy adult men and women, respectively (Abbas et al., 2012; Carr 
& Frei, 1999; FAO/WHO., 2002; Food and Nutrition Board, 2000; Olson & Hodges, 
1987). In the USA, the vitamin C RDA is 60 mg per day for adults. This is based on the 
saturation of tissue binding and maximal rates of metabolic and renal absorption seem 
to be approached. The RDA has also varied based on the assessment of human vitamin 
C status are based upon measurement of ascorbate concentrations in plasma and 
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leucocytes. The RDA of 100 mg per day for smokers is higher because the plasma 
concentration of Vitamin C is lowered by use of cigarettes (Ball, 2003) 
 
Furthermore, in Australia, RDI values are established and published by the National 
Health and Medical Research Council (NHMRC) and the details of the current RDI for 
AA are presented in Table 3.1. These requirements are based on an assessment of the 
amounts typically required for prevention of scurvy, from vitamin C turnover studies as 
well as biochemical indices of vitamin C status in man (NHMRC, 2006)  
 
Table 3.1  Australian RDI Values for AA by life stage and gender 
 
  RDI (mg/day) 
Life stage Age (year) Male   Female  
Infants  0-0.5  25  
 0.6-1  30  
Children  1-8  35  
Adoslescents  9-18  40  
Adults  >19  45  
Pregnancy 14-18 n/a  55 
 19-50 n/a  60 
Lactation  14-18 n/a  80 
 19-50 n/a  85 
Notes  1. n/a indicates not applicable. 
2. Data from NHMRC (2006). 
 
3.5 Fortification with AA 
 
Developments in nutritional sciences have increased awareness of the functional 
significance of AA as a food components in the human diet for health promotion and 
disease prevention. This has motivated food researchers(Genevois, Flores, & de 
Escalada Pla, 2014; Gliguem & Birlouez-Aragon, 2005; González-Molina, Moreno, & 
García-Viguera, 2009; Perks & Miller, 1996; Sanyoto, Wijaya, & Small, 2008; Sweeney 
& Ashoor, 1989; van Aardt et al., 2005) to develop AA–fortified food products to 
deliver appropriate levels of this vital food ingredient. Unfortunately, the highly 
unstable nature of AA has posed technological challenges for its incorporation into 
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different food systems. Microencapsulation is a promising approach to ensure the 
stability of AA and to improve consumer acceptability of the carrier food (Abbas et al., 
2012). 
 
In food fortification application, AA is quite widely used in as a food additive to 
improve taste and colour and to restore the vitamin C lost during processing and 
storage. However, it is noted that it is commonly used in conjunction with other 
nutrients to enhance or maintain their function in food. There has been extensive 
research on AA application in food products. AA has been used in various juice 
products to slow browning reactions by acting as an oxygen scavenger and to enhance 
nutritional properties (González-Molina et al., 2009; Kall, 2003; Kennedy, Rivera, 
Lloyd, Warner, & Jumel, 1992; Mao, Xu, & Que, 2007; Özkan, 2002). 
 
 In further studies,  according to Dave & Shah, (1997), yoghurt was fortified with AA to 
increase its nutritive value since milk and milk products only supply about 10-15% of 
the daily requirements of vitamin C. More recently it was also shown that the addition 
of AA favours the viability of probiotic bacteria including L. delbrueckii ssp. Bulgaricus 
and L. acidophilus in yoghurt.  
 
AA is highly reactive in nature and can interact with other food components and, thus, 
negatively affects the color, flavor, shelf life and overall system integrity. Pure AA 
tends to degrade slowly during storage under room conditions, whereas its direct 
incorporation into different foods and beverages results in high percentage of AA losses 
during processing and storage (Abbas et al., 2012; Dziezak, 1988; Jeney-Nagymate & 
Fodor, 2008; Trindade & Grosso, 2000; Wang, Kozempel, Hicks, & Seib, 1992). This 
suggests that it should be well protected from its immediate environment before it is 
applied to the food (Abbas et al., 2012; Dziezak, 1988; Jeney-Nagymate & Fodor, 2008; 
Trindade & Grosso, 2000; Wang et al., 1992) 
 
Encapsulated water soluble vitamins, especially AA, with increased stability and 
compatibility have created potential application for food fortification and as an 
antioxidant in complex food systems.  
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3.6 Stability and factors influencing losses of AA 
 
Past research work by Wijaya, Bui, & Small, (2011) and  Sanyoto, Wijaya, & Small, 
(2008) has highlighted that a number of chemical and physical factors affect the 
stability of AA in foods during processing as well as storage. These include pH, the 
presence of oxygen, temperature and light. AA is highly susceptible to oxidation, 
especially in the presence of metal ions, and the rate of oxidation is increased by 
exposure to heat and light (Gregory, 2008; Wijaya, Bui, & Small, 2011; Wintergerst, 
Maggini, & Hornig, 2007). 
 
3.7 Review of methods for analysis of AA in foods 
 
Vitamin C analysis in foods is a difficult analytical problem because of the relatively 
expose to light, air and higher pH values. In addition vitamin C reacts with other 
compounds or materials and it can be difficult to extract from complex food matrices. A 
variety of analytical methods are available and these will be reviewed briefly. 
 
Determination of AA can be accomplished by several different principles, but in order 
to determine vitamin C the optimal analytical conditions should be considered. DHAA 
is not directly measurable by any common HPLC detector and therefore has to be 
transformed prior to measurement. If the sample extract is treated with reducing agent, 
DHAA is reduced to AA and can be measured by UV- or electrochemical detection. In 
case where determination of the ratio between AA and DHAA is required, samples 
should be analysed with and without reduction, and DHAA can be calculated as the 
difference between the AA concentrations measured in the two analyses.  This method 
is often referred to as the subtraction method. Another possibility is to determine AA 
and DHAA simultaneously, but this method requires a more complex analytical 
procedure (Kall, 2003). 
 
The purposes of analysis influence the approach adopted along with the actual 
compounds to be included. For example the analysis might consider differentiation 
between AA and IAA and between DHAA and dehydroisoascorbic acid (DHIAA).  It is 
also important to define the objectives for the study and the requirements to the results, 
before choosing the appropriate methods. In a study of degradation of vitamin C during 
production and storage of a foodstuff, it may be interesting to determine DHAA as well 
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as AA. However, in order to collect data regarding food composition, to conduct a 
survey of the occurrence of vitamin C in a customer diet, or to control the declared 
content of vitamin CC in a fortified foodstuff, determination of the amount of total AA 
may be relevant (Kall, 2003). 
 
Another important aspect has to be considered is the capacity and cost of the analysis of 
samples. Different measurement principles often demand different sample preparations, 
and not all the preparation procedures result equally in stabilization of AA. Studies on 
vitamin C in physiological samples may require determination of DHAA and AA 
separately, however the stability of both AA and DHAA in the extract is important due 
to very low DHAA concentration compared with AA (Kall, 2003). 
 
3.8 Determination of vitamin C 
 
Determination of vitamin C in classical analyses has been associated with spectroscopic 
methods and those can be divided into two general categories: methods using redox 
indicators and these involving formation of chromofor and fluorofor derivatives (Kall, 
2003). The principal reactions for some classical methods of direct determination of 
vitamin C and HPLC methods a briefly reviewed and CE methods will be discussed in 
subsequent sections of in this chapter. 
 
3.8.1 Redox reactions  
 
2,2 Dipyridyl method 
This method is based on the reduction of Fe(III) to Fe(II) by AA. Fe(II) forms a 
complex with 2,2 dipyridyl that can be quantified colorimetrically. Other chromogen 
formation Fe(II) completing agents exist, e.g, ferrozine and 2,4,6-tripyridyl-S-triazine 
(Kall, 2003). 
2,6- Dicholoroindophenol method 
This method is based on the reduction of 2,6-dichloroindophenol by AA. In acidic 
solution, 2,6-dichloroindophenol has an absorption maximum at 518 nm and when the 
reduced by AA, this chromophor disappears. The specificity of this method is limited 
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owning to the presence of naturally occurring reductants of 2,6- Dicholoroindophenol in 
fruits and derivatizations reactions (Kall, 2003). 
3.8.2 Derivatizations reactions 
 
2,4 Dinitrophenyl hydrazine 
For this analysis, AA has to be oxidized to DHAA prior to the derivatization. The 
reaction between DHAA and 2,4-dinitrophyl hydrazine results in the formation of the 
bis-2,4-dinitrophenylhydrazone derivative, which can be measured at 520 nm. The 
specificity of the method is limited, owing to reactions of 2,4-dinitrophenyl hydrazine 
with 5- and 6-carbon, sugar-like, non-ascorbic compounds (Kall, 2003). 
 
3.8.3 Liquid chromatography and fluorescence detection (HPLC) methods 
 
For routine foodstuff analysis and control analyses, the amount of vitamin C usually 
exceeds 1 mg per 100 g of sample, and in this case HPLC systems coupled with 
ultraviolet (UV) detection provides adequate sensitivity for common foodstuff analysis 
and control analysis. This is because normally, the amount of vitamin C usually exceeds 
1 mg per 100 g of sample. In foodstuffs with amounts less than 1 mg per 100 g and in 
physiological samples, where the concentration is often below 1 μg per ml, it may be 
necessary either to use an electrochemical detector or to transform AA into a fluorescent 
compound in order to increase the sensitivity by fluorometric measurement. In addition, 
the electrochemical and fluorescent detection are more specific than the UV detection 
(Kall, 2003). 
 
3.8.4 Capillary electrophoresis (CE) methods 
 
It has been reported that CE has become a powerful and popular separation technique 
because of the fast separation and high resolution achieved. Compared with HPLC, in 
the separation of chiral or epimeric compounds, CE has the advantages of high 
separation efficiency, easy changes of carrier electrolyte media, and nanoliter levels of 
sample and media, therefore CE is preferred over other analytical techniques (Liao, Wu, 
Wu, & Chang, 1999; Versari, Mattioli, Paola Parpinello, & Galassi, 2004). CE method 
has the same order of repeatability and is more cost effective than HPLC (Thompson & 
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Trenerry, 1995). In addition to that, foods are usually complex mixtures of a large 
diversity of molecules. Analysis of foods is, therefore, a topic that demands the 
development of robust, efficient, sensitive and cost-effective analytical methodologies. 
Within analytical separation techniques used for food analysis, it is noted that CE has 
been established as a versatile and robust tool providing fast, efficient and automated 
separations with small sample volume and low consumption of solvents (Herrero, 
García-Cañas, Simo, & Cifuentes, 2010). 
 
Furthermore, L-ascorbic acid  has been successfully separated by Thompson & Trenerry 
(1995). To determine total AA, the extract is treated with a reductant, D,L-dithiothreitol, 
to convert any DHAA present in the sample to L-ascorbic acid. Terabe et al., (1985) 
introduced the technique of micellar electrokinetic capillary chromatography (MECC) 
(Terabe et al., (1985); Terabe., (1984). In MECC, an ionic surfactant is added to the 
buffer to provide a phase for chromatographic separation. Sodium dodecylsulphate is 
the most common surfactant used for MECC analyses; however, sodium cholate, 
sodium deoxycholate and sodium taurodeoxycholate have also been used in a variety of 
analyses (Li, 1992). The authors recently reported the determination of the total L-
ascorbic acid content of a number of  different beers, wines and fruit beverages by 
MECC using a buffer consisting of 0.05 M sodium deoxycholate, 0.01 M sodium borate 
and 0.01 M potassium dihydrogen orthophosphate (Marshall et al., 1995). The 
beverages were mixed with an internal standard solution, diluted with aqueous 0.2% 
D,L-dithiothreitol (DTT) and analysed. DTT reduces any DHAA that is  present to L-
ascorbic acid (Thompson & Trenerry, 1995). 
 
Analytical determination of free AA in foods is an important activity in order to assess 
the nutritional safety and compositional adequacy. As a result, accurate methods for the 
determination of AA in foods are in continuous development. Similarly to HPLC 
procedures, sample derivatization must be performed when a direct UV detection mode 
is employed. The main advantage of the fluorescence detection for the analysis of AA is 
that a greater sensitivity than using conventional UV–vis absorption is obtained. Some 
new methodologies can be found in literature regarding the analysis of AA in foods by 
CE (Herrero et al., 2010). 
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3.9 Summary and overview of current literature 
 
Based upon a thorough review of the literature, it can be seen that developments in 
nutritional sciences have increased our understanding of the functional significance of 
AA as a food component in the human diet for health promotion and disease prevention. 
This has motivated food researchers to develop food products fortified with AA, in 
order to deliver appropriate levels of this vital food ingredient. However, the highly 
unstable nature of AA has posed technological challenges for its incorporation into 
various food systems. It is noted that microencapsulation is a new technological tool 
that is now becoming available within the food industry. This technology is a promising 
approach which may allow enhanced stability of AA while improving consumer 
acceptability towards the carrier food. The potential of this approach, along with recent 
developments and strategies of food fortification are reviewed in the next chapter. 
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Chapter 4 
 
Background and literature review: Recent developments and 
strategies of food fortification with microencapsulated 
ingredients 
 
 
 
The purpose of this chapter is to provide background and review the relevant scientific 
literature on recent development and strategies of food fortification. The areas covered 
the application of microencapsulation technology in fortification and brief discussion of 
the incorporation of micronutrients into bread formulations.  
  
4.1 Introduction to food fortification 
 
The functional food industry has become a driving force for the progress of 
microencapsulation technology and a variety of functional food ingredients have been 
encapsulated. These include flavors, vitamins, enzymes, acidulants, colors, 
microorganisms, and minerals (Angelich, 2005; Bakan, 1973; Dziezak, 1988; Madene, 
Jacquot, Scher, & Desobry, 2006; Risch Sara, 1995; Shahidi & Han, 1993). In order to 
harvest maximum benefits from this technology, the functionality of the encapsulated 
ingredient in the final product, type of encapsulant, stability during processing, release 
mechanism, optimum concentration of bioactive in microcapsules, capsule size and 
density, storage stability and cost of production should be considered (Desai & Jin Park, 
2005). 
 
Fortification with vitamins is often challenging due to their susceptibility to degradation 
during processing and storage of food systems. It is known that vitamins are sensitive to 
temperature, moisture, light as well as pH and it is noted that their potency is often 
compromised by their reaction with other ingredients or premature release (Sanguansri 
& Augustin, 2010). Acid can cause problems in conjunction with other food ingredients, 
including colour degradation, decrease in flavour, undesirable odours and premature 
changes in pH (Uddin et al, 2001). Acid products can be liberated at an appropriate time 
during food processing, by fusion or dissolution of the wall materials (Uddin et al, 
2001). The latter a primarily designed to cover acid products and the agents that has 
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been utilized for this include partially hydrogenated vegetable oils, maltodextrin, 
emulsifier and waxes (Uddin et al, 2001).  
 
A number of authors Esposito et al, (2002); Lee et al, 2004); Pierucci et al , 2006; 
Trindade & Grosso, (2000); Uddin et al, (2001) have described the potential of 
microencapsulation as a strategy for enhancing stability of vitamins in general, and 
including AA. In reviewing these issues, Abbas et al., (2012) indicated that 
microencapsulation can possibly deliver a variety of benefits regarding AA and/or the 
food fortified with it. Firstly, among these are protection from the adverse effects 
associated with exposure to oxygen, moisture, temperature and light, resulting in 
increased stability during handling and storage. Secondly is protection from undesirable 
reactions between AA and other food ingredients, which otherwise would degrade food 
quality and produce off-flavors. Improved shelf life and stability of the final food 
product can be achieved, with protection from oxidation, improved bioavailability and 
sustained delivery of AA, along with masking of the sourness of AA.. 
 
Fortification is practiced in many countries and can involve a wide variety of food 
products (Bui, Small, & Coad, 2013). Where the objective is to ensure that the intakes 
of an essential nutrient are adequate then it is common to select a staple food for the 
purpose of fortification. On this basis, cereal foods are often chosen and may be subject 
to mandatory regulatory requirements. Accordingly in various countries, baked products 
are fortified in an effort to enhance the nutritional status of the population. 
 
4.2 Application of microencapsulation for bread fortification 
 
Microencapsulation technology represents a relatively new approach for the fortification 
of ingredients, including micronutrients, into bakery products. It has been reported that 
this technology will provide protection for ingredients during processing (Al-Widyan, 
2005; Sanguansri & Augustin, 2010), at least until such as time as baking commences 
and the temperature rises in the oven. One advantage of this is that it might allow the 
yeast to be protected from the impact of selected ingredients, or alternatively to prevent 
yeast from metabolising such materials, thereby ensuring their presence in the final 
baked product (Sanguansri & Augustin, 2010). The bread making process is described 
briefly in the following paragraph. 
Chapter 4 
 
 34 
 
4.3 Bread making 
 
It is known that despite the wide range of process applied around the world, the basic 
stages of manufacture remain the same for many different styles of product. Generally, 
there are three steps in breadmaking processes and these are initial dough mixing, dough 
proving (fermentation) and baking (Skaf, 2009). 
 
4.3.1 Initial dough mixing stage 
 
Mixing of ingredients is the first step in bread making processing and it has been 
reported that dough mixing is a very important stage, having a critical impact on quality 
attributes of the final baked product. Mixing performs three primary functions: firstly, 
hydration occurs as the ingredients are homogenised and evenly distributed into the 
flour which is the primary ingredient. On a weight for weight basis, most of the water 
added to make up the dough appears to be absorbed by hydrophilic groups on the 
protein molecules (Scanlon & Zghal, 2001) The second function is the mechanical 
development of the gluten network, necessary to trap and hold the gases produced 
during the fermentation stage. The third function is dough aeration, and during the 
initial mixing stage the gas bubbles in the dough are first created (Chin, Martin, & 
Campbell, 2004). In fact, it is been reported that a significant component of the dough is 
air, which arises from air entrapped in the bulk volume of the flour mass or from 
entrainment during the mixing process (Scanlon & Zghal, 2001; Shimiya & Yano, 
1987). 
 
4.3.2 Dough proving 
 
It has also been reported that proving is an important part of the breadmaking process; it 
acts as the link between mixing and baking (Chiotellis & Campbell, 2003). 
Understanding how aeration during mixing affects bread quality requires a knowledge 
therefore of how the bubbles in the dough grow and change during proving (Shah, 
Campbell, McKee, & Rielly, 1998). Bubble growth is influenced by four factors: the 
first is the rate of carbon dioxide production, which is a function of the rate of yeast 
growth and multiplication. Carbon dioxide is one of the byproducts of yeast growth and 
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another condition that favours yeast growth is the availability of food in the form of 
fermentable sugars. This is typically provided by the addition of α-amylase to the bread 
formula to work upon damaged starch in order to produce fermentable sugars and this 
can also be aided by the incorporation of sucrose as an ingredient (Shah et al., 1998). 
 
The second factor influencing the growth of gas bubbles is the gas retention capacity of 
the dough, which is a function of the strength of the gluten network (Mills et al, 2003). 
The third factors are the amount of carbon dioxide diffusing from the liquid phase into 
the nitrogen nuclei and the rate of bubble coalescence (Mills, Wilde, Salt, & Skeggs, 
2003; Shah et al., 1998). The amount of energy used during mixing influences the 
bubble size distribution in the dough. Bubble size is important as it influences bubble 
growth during the proving stage and hence the texture of the final product (Mills et al., 
2003). 
 
4.3.3 Baking 
 
Baking is the final stage in breadmaking and this is involves a variety of chemical, 
biological and physical changes. Among these are oven spring, protein denaturation, 
starch gelatinisation, formation of a porous structure, evaporation of water, crust 
formation, and death of yeast at temperature of 54ºC (Mondal & Datta, 2008; Zhang, 
Lucas, Doursat, Flick, & Wagner, 2007). Oven spring takes place during the early 
stages of baking, the temperature of the outer crumb increases to 60 ºC at a rate of 4.7 
ºC per minute, resulting in high enzymatic activity, high yeast growth rate, and 
expansion of the gases resulting in a rapid expansion in volume. This effect takes place 
in the first 8 min of the baking time and reaches its maximum in the first 5 min resulting 
in increase in bread volume of around one third. The changes in matrix rheology with 
temperature have a significant effect on oven spring and bread quality (Fan, Mitchell, & 
Blanshard, 1999; Hoseney et al., 2008; Therdthai, Zhou, & Adamczak, 2002; Yamada 
& Preston, 1992). Also in this stage, differences in baking quality and rheological 
properties between flours from different wheat varieties become more pronounced and 
are indicated by the extent of oven spring (Stathopoulos, Tsiami, Dobraszczyk, & 
Schofield, 2006) In the second stage, the combination of heat, moisture, and time 
induces starch gelatinisation which starts at approximately 65 ºC (Zhang et al., 2007). 
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The heating rate and shear conditions during baking have a significant influence on 
starch gel characteristics, while there is limited shearing encountered during baking due 
to oven spring and gas expansion, heating rate becomes the most important factor in 
determining the characteristic of crumb structure (Doublier, Llamas, & Le Meur, 1987; 
Eliasson, 1980; Patel, Waniska, & Seetharaman, 2005; Wootton & Bamunuarachchi, 
1979). In addition, heat setting of gluten proteins takes place in this stage, leading to the 
formation of the solid foam structure in the bread.  
 
 
4.4 Bread ingredients 
 
The chemical composition of the flour quality and quantity of ingredients used are of 
great importance as determinants of the characteristics of the baked bread (Aamodt, 
Magnus, & Faergestad, 2003). 
 
4.4.1 Yeast 
 
Bakers yeast (Saccharomyces cerevisiae) is widely used in the production of different 
types of bread as well as a variety of other food products (Matz, 1992). The main 
function of incorporating yeast into a bread formula is to generate gas during the 
fermentation process as a part of the metabolic activity of yeast (Matz, 1992). For this, 
yeast utilizes sugars which may be either added directly to the dough formula or be 
produced by the action of amylases during fermentation, to produce ethanol and carbon 
dioxide according to the following chemical equation (Sievert, 2005; Matz, 1992). 
C6H12O6   →   2 C2H5OH + 2 CO2 
The forms of yeast used in breadmaking can be classified into two classes based on their 
stability and the way they are processed. The first class is the fresh forms of yeast, 
which can be compressed, crumbled or cream types, and the second class is the dry 
forms and these may be either active or instant dried yeast (Lin, 2008; Matz, 1992). 
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4.4.2 Salt 
 
In addition to its contribution to the taste of bread, salt serves many other functions in 
the bread making process. Importantly it contributes by developing and tightening the 
gluten network structure, resulting in stronger dough which is then better able to retain 
the gas produced by the yeast (Charley, 1982). Moreover, its strengthening effect on the 
dough could be due to the inhibitory action on proteases (Charley, 1982). It has also 
been reported that some salts favour the hydrolytic action of amylases on starch, thereby 
contributing to the maintenance of a continuous supply of simple sugars in the form of 
maltose for yeast growth. Salt probably also regulates yeast activity during the 
fermentation by competing with yeast for water, resulting in moderate expansion of the 
dough without rupturing the gluten network (Charley, 1982). 
 
4.4.3 Shortening  
 
The term shortening is usually used in the baking industry to describe fats, oils, their 
derivatives as well as blends of these (Charley, 1982; Stampfli & Nersten, 1995). The 
functional significance of native wheat flour lipids and of added lipids as shortening 
during bread making has been comprehensively investigated (Addo & Pomeranz, 1992). 
They are used in the baking process to enhance bread volume and crumb softness, as 
illustrated in Figure 4.1. Shortening lubricates the gluten strands, preventing these from 
sticking to each other and by doing so the gluten strands are shortened (Soottitantawat et 
al., 2005). 
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Figure 4.1 Effect of different levels of fat incorporation on bread volume 
(Williams & Pullen, 2007) 
 
4.4.4 Bread improver   
 
The term improver is widely used in the baking industry, and it refers to a group of 
ingredients, often incorporated as a mixture, that in some way contribute by enhancing 
the baking performance, sensory attributes and storage stability of bread. It is noted that 
bread improvers include enzymes, emulsifiers, oxidizing agents, reducing agents, and 
nutrients for yeast growth as well as other ingredients. One example of a widely used 
oxidising agent is AA. 
 
4.5 Incorporation of AA in bread-making 
 
In bread production generally, improvers of both chemical and enzymatic nature are 
commonly used to enhance the technological properties of the dough and sensory 
quality of bread, and to guarantee an industrial product with constant quality 
irrespective of variations of the properties of the raw materials, particularly the flour. 
The addition of AA, has a well-studied strengthening effect on dough that leads to 
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increased rising of the dough (Every, Simmons, Sutton, & Ross, 1999; Faccio, Flander, 
Buchert, Saloheimo, & Nordlund, 2012; Grosch & Wieser, 1999; Koehler, 2003). 
 
4.6 Recent development of application encapsulate ingredients for food 
fortification 
 
The applications of microencapsulation has been extended to the food industry, 
typically for controlling the release of flavorings and the production of foods containing 
functional ingredients (e.g. probiotics and bioactive ingredients). In general, the main 
reasons for the microencapsulation of materials can be summarized as follows 
protection of unstable, sensitive materials from environmental conditions, controlled, 
sustained, or timed release of materials, targeted release of materials,  odour or taste 
masking, promote easier handling (to facilitate the handling of toxic materials or 
liquids), better processibility (improving solubility, dispersibility, flowability) 
(Gharsallaoui, Roudaut, Chambin, Voilley, & Saurel, 2007; Kuang, Oliveira, & Crean, 
2010).  
 
However, there are several challenges in developing functional ingredients for 
incorporation into foods. They must satisfy the sensory demand of consumers and 
ensure that the bioactive can be delivered to specific sites in the gastrointestinal tract to 
exert the desired health benefit. Microencapsulation has been applied to a number of 
food ingredients to develop them into tailor made bioactive ingredients. In more recent 
years, the addition of microencapsulated ingredients into a wider range of food product 
ensures that it does not have any significant adverse effect on the final food product. 
This is a significant issue as food has very low profit margins compared to 
pharmaceuticals (Sanguansri & Augustin, 2010). 
 
Incorporation of food acids that have been encapsulated has the potential to enhance the 
quality of bakery products. However the combination of encapsulating agent and 
specific ingredient to be coated must be optimised for a particular product and process 
(Al-Widyan, 2005). Furthermore, another reason for the use of encapsulated AA in 
bakery product was that of release. In the baking process microencapsulation 
approaches might allow to release of the protected material at a later stage of the bread 
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making process, thereby minimizing the interactions of yeast with the released 
materials. 
 
4.7 Summary and overview of current literature 
 
In reviewing microencapsulation particularly in relation to food applications, this 
technology holds promise for successful delivery of bioactive ingredients into bread 
formulations. There is potential for enhancement of the functionality of bioactive 
ingredients, thus maximising the health benefits available to consumers from these 
foods. The use of microencapsulation might provide useful ways to enhance both the 
quality of baked goods as well as nutrition values of these products. 
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Chapter 5 
 
Summary of background and description of the project aims 
 
 
 
The purpose of this chapter is to summarise the context in which this project has been 
developed and to describe the aims of the research described in this thesis. 
 
5.1 Summary of current situation and significance of the project 
 
Recent studies at RMIT University, Australia, have focussed upon the retention of the 
water soluble vitamins (Bui, Small, & Coad, 2013) including riboflavin (vitamin B2) 
(Bui & Small, 2009), vitamin B6 (Bui & Small, 2008, 2012), thiamin (vitamin B1) (Bui 
& Small, 2007a; Bui & Small, 2007b, 2008) and the folate group that includes folic acid 
used as a fortificant in food system (Bui & Small, 2007c, 2007d; Bui & Small, 2007e; 
Hau, Hughes, Marriott, & Small, 2009; Hau, Morrison, Small, & Marriott, 2008; Hau, 
2008). In all cases, considerable losses ranging between 40 and 97% occur during 
processing and preparation of selected foods (Bui & Small, 2007d; Sanyoto et al, 2008; 
Uddin et al, 2001). For examples, steam blancing of broccoli decreased the amount of 
AA by 30% while cooking for a long periods of time (10-20 minutes) can also result a 
loss in over the half of the total AA content  (Bui & Small, 2007d). In addition, data on 
AA also indicates significant losses during processing and storage of fortified and 
unfortified foods (Gregory, 2008; Hoare et al , 1993; Sanyoto et al, 2008; Wijaya, 
2011). 
 
Although foods can be an excellent source of nutrients, these are not all present in all 
foods in the same proportion, and so a balanced diet is essential in preventing illness 
related to poor nutrition. Fortification is a key strategy for enhancing or maintaining the 
nutritional quality of the food supply, depending on local situations, nutrient needs and 
food composition patterns. There has been considerable research into AA fortification 
of food products (Gliguem & Birlouez-Aragon, 2005; Perks & Miller, 1996; Sanyoto et 
al, 2008). AA is now used quite widely to fortify foods, particularly in conjunction with 
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other nutrients in order to enhance or maintain their availability or function (Johnson & 
William, 1991). 
 
Recent research at RMIT University (Wijaya, Bui, & Small, 2011) carried out in 
collaboration with Defence Science Technology Organization (DSTO), has investigated 
the encapsulation of AA. In that, fourteen different combinations of encapsulting agents 
were compared and evaluated during a long term storage trial including elevated 
temperature regimes. A number of the alternative combinations were found to have 
excellent retention properties, and accordingly this approach has been further 
investigated and extended in the current research.   
 
The potential of the approach of microencapsulation for use in food products has been 
mentioned in the earlier chapters in which the literature has been reviewed. However, 
currently there are no specific published reports describing the use of encapsulation for 
enhancement of vitamin stability in food products especially for AA in baked products. 
This is an interesting issue that warrants study, since the role and function of AA for 
health and wellbeing have already been established over an extended period of time. 
The scientific literature has fewer references on the effective protection of water soluble 
materials; however it does seem that spray drying presents the approach having the most 
obvious potential for these. It is a relatively simple procedure, using well developed 
technology and which is also readily available commercially in the food industry.  
 
The proposed project now seeks to extend the recent finding and to evaluate the factors 
influencing the impact of core loading of AA, the effect of varying the hydrocolloids 
components in the wall material, the optimization of the process conditions of spray 
drying in addition to incorporating capsules into a food system and evaluating the 
effectiveness of the capsules in protecting AA. 
 
5.2 Hypothesis 
 
This project has been based upon the hypothesis that through suitable selection of 
encapsulating agents along with optimisation of formulation and capsule preparation 
conditions, a means of enhancing the stability of AA within food systems might be 
developed. 
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5.3 Project aims 
 
The overall aims of this project are to: 
 
1. Investigate the loading impact of AA in capsules and to evaluate the significance 
as a determinant of retention during storage; 
 
2. Determine the effect of varying hydrocolloids on retention of AA and 
characteristics of microcapsules produced; 
 
3. Investigate the optimization of process conditions during spray drying utilising 
response surface analysis; and 
 
4. Evaluate the retention of microencapsulated AA incorporated into a food 
formulation, utilizing breadmaking as a model system. 
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Chapter 6 
 
Materials and methods 
 
 
 
The purpose of this chapter is to describe the chemicals, reagents, equipment and 
methods used during this study. This encompasses procedures applied in the sampling 
and preparation of microcapsules, methods for fortification with encapsulated AA as 
well as extraction procedures and analytical methods for analysis of AA content using 
CE. In addition, procedures for measuring the particle size distribution of capsules and 
their microstructure are outlined, along with details of calculations for retention of AA 
during the breadmaking process.  
 
6.1  Chemical reagents 
 
The chemicals used in microcapsule and product formulations, as well as for analytical 
procedures, were of food grade and the highest purity available unless otherwise 
specified. The details of the chemical used, including a brief description and supplier 
information are listed in Table 6.1. It is specifically noted that Milli-Q water was used 
for the preparation of solutions as well as for all of the other procedures applied in this 
project. This includes the preparation of the feed materials for spray drying and the 
processing of fortification bread. 
 
6.2 Apparatus and auxiliary equipment 
 
Information regarding the equipment used in this project is presented detailed in Table 
6.2. 
 
6.3 Consumable and ancillary items  
 
The details of items used, model and their manufacturers are listed in Table 6.3. 
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Table 6.1  Details of the chemicals utilized in the current study 
 
Chemical Description Supplier 
AA 99.3% pure Cat no. 4-7863  
Lot no. LB09995 
Supelco, United States 
D-iso-AA 98% Cat no. 856061-100 g  
Lot no. 1404010 
Aldrich Chemical 
Company, United States 
Milli-Q water Cat no. F7EN26803 Millipore, Molsheim, 
France 
Sodium hydroxide pellets Cat no. 1.06482.5000  
Lot no. B13238221 
Merck, Germany 
Hydrochloric acid, reagent 
grade 37% 
Cat no. 435570-2.5L 
Batch no. 00659BH 
Sigma Aldrich, Australia 
1,4-Dithiothreitol (DTT) for 
biochemistry 
Cat no. 1.11474.0025 
Lot no. K38667374 824 
Merck, Germany 
Potassium dihydrogen 
orthophosphate 
Cat no. A391-500G  
Batch no. AF603229 
Ajax Finechem, Australia 
Sodium tetraborate Cat no. 460-500G  
Batch no. 80323317 
APS Ajax Finechem, 
Australia 
Sodium deoxycholate Cat no. D6750-100G EC 
040M0047V 
Sigma Aldrich, Australia 
iso-Butanol Cat no. 1.00984.2500 
Product code: 100984 
Merck, Germany 
Note Description presented as product number, batch or lot number 
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Table 6.2 Description of equipment and instrumentation 
 
Equipment Model no  Manufacturer/supplier 
Spray drier, type Minor Serial no. 1902 Niro Atomiser, 
Copenhagen, Denmark  
Spray drier rotary 
atomiser 
Model: CK 929 Niro Atomiser, 
Copenhagen, Denmark 
Sonicator Type Fx 14PH 
Serial no. 469 
Unisonics Pty Ltd, 
Sydney, Australia 
pH meter Model: HI 8520 Hanna Instrument Ltd., 
United States 
Overhead stirrer Model: 0-10 LFA 0-318 Laboratory Supply P/L, 
Melbourne, Australia 
Analytical balance Adventurer Pro Model: AR2140 Ohaus Corporation, Pine 
brook, United States 
Master ® peristaltic 
pump 
Model: 7512-35 Barnant company 
division of 
Cole-Palmer Instrument, 
Chicago, United States 
Capillary electrophoresis 
system 
Model: 270 A-HT Applied Biosystems, 
Victoria, Australia 
Environmental scanning 
electron microscopy 
FEI Quanta 200 FEI Company., United 
States 
Vacuum packaging 
machine 
Model: AV 3B Australian Vacuum 
Packing Machines Pty. 
Ltd., Brisbane, Australia 
Water activity meter Novasina ms1-aw  Axair Ltd., Switzerland 
Particle size analyser Mastersizer X, Model: MSX025A, Malvern Instruments 
Ltd., Malvern, UK 
Laboratory oven set at 
102 °C  
Serial no. A1589 H.B. Selby & Company, 
Australia 
Laboratory oven set at 
50 °C  
 
model: BTC-9090 Thermoline Scientific 
Pty. Ltd., Sydney, 
Australia 
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Table 6.3 Description of consumable and ancillary items used in this study 
  
Item Model no Manufacturer 
Fused-silica capillary 
(undeactivated) 75 μm 
internal diameter 
Part no. 160-2644-5 
 
Agilent Technologies, 
United States 
Vacuum Packaging 
Bags 
Dimension 180 mm × 305mm; 
Type: B471 
 
Cryovac Sealed Air 
Corporation, Victoria, 
Australia 
Micropipette 1-5 mL  Model: CT 51307 Boeco Germany, Hamburg 
Micropipette 100-
1000μL 
Model: CT66503 Boeco Germany, Hamburg 
Syringe 3 cc/mL  
 
Cat no. 2010-12 
Lot no. 060122 
Terumo Corporation 
Australian Branch, New 
South Wales, Australia 
Nylon filter 0.45 μm 
13 mm 
Cat no. SE4M019100 
Lot no. R6SN02797 
LabServ, Biolab, Auckland, 
New Zealand 
 
 
6.4 Ingredients used in preparation of microcapsules 
 
The microcapsules ingredients used throughout all of the experiments were food grade 
quality and AA was incorporated as the core material. A variety of hydrocolloids were 
trialled as encapsulating agents and used during the preparation of the feed material for 
spray drying. A list of ingredients used for this purpose, together with a brief 
description and supplier information are presented in Table 6.4.  
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Table 6.4 List of ingredients for microcapsule preparation  
 
Ingredient  Description Manufacturer 
AA food grade (99.0-
100.5%) 
Product code: 158000 Bronson & Jacobs Pty. Ltd., 
Melbourne, Australia 
Maltodextrins  
 
Fieldose 17 (F17) and 
Fieldose 30 (F30) 
Penford Australia Ltd., 
Melbourne, Australia 
Pregelatinised , modified 
waxy maize starch 
Instant MAPS Penford Australia Ltd., 
Melbourne, Australia 
Rice starch (RS) Rice starch Sigma Chemical Co, USA 
Alginic acid (sodium salt 
from brown algae)  
(A-2033) Sigma Chemical Co, USA 
LMP Pectin type LM – 104 AS, 
2200 
CP Kelco, Genu, Denmark 
 
 
6.5  Overview of procedures and approaches adopted for spray drying 
 
Preparation of the solutions used as the feed for spray drying as well as the procedures 
and conditions used for microcapsule formation were based upon various published 
methods described by Dian, Sudin, & Yusoff, (1996); Uddin, et al., (2001); Zhao & 
Whistler, (1994); Wijaya, et al., (2011); and Hau, (2008) and the methods have been 
adapted and validated. These were modified for the purposes of the various phases of 
this study and the specific details of the procedures used are described in the following 
sections. 
 
6.6 Preparation of microcapsules by spray drying 
 
The chamber of the spray drier was warmed with electric heater while air is flowing 
through the dryer and equilibrated to the desired level (described as the inlet air 
temperature) of 120 °C prior to introducing the prepared feed material containing AA 
and various hydrocolloids. During this pre-warming stage, no liquid was being pumped 
into the chamber, and heating was continued until the readout on the instrument control 
panel indicated that the before required temperature 120 °C had been reached and was 
stable. Typically this required approximately 15-20 minutes and the settings which were 
applied were: main controller I (winding of electric heater with half capacity, 
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approximately 3,75 kW ), and fine adjustment setting of 6.0-6.8. If necessary, the latter 
was adjusted so the inlet temperature was 120 °C. Next, the peristaltic pump was used 
to pump the warm water (approximately 35 °C) to the drying chamber. As soon as the 
pump was turned on, the air pressure controller was activated and the setting increased 
to 5.0 kg/m². Care was taken to increase the pressure smoothly and gradually over a 
period of a few minutes. The spray dryer facilities utilised in the current study are 
shown in Appendix 12. 
 
The pumping of warm water was typically continued for a period of approximately 20 
minutes and at the same time the stability of the measured temperatures for both the 
inlet and outlet air flow was monitored. The temperature achieved at the outlet during 
this warm-up period was within the range of 72-82 °C. Once the instrument was running 
smoothly and the temperatures were stable (inlet and outlet temperature were within the 
range 120-121°C and 80-83°C respectively), the pump inlet tubing was transferred into 
the feed solution to be spray dried. A clean, pre-weighed jar was immediately placed 
into the receiver position, directly below the cyclone assembly at the front of the 
instrument. Secondly, the flow rate was checked by monitoring the time taken for a 
known volume of the particular feed solution to be transferred to the chamber. The flow 
rates used in this study ranged between 7-10 mL/min and the specific selection was 
made on the basis of the viscosity of the solution. The higher flow rates were applied for 
those solutions with the lower viscosity, and if necessary the speed control of the pump 
was adjusted.  
 
When all of the feed solution had been pumped into the spray drying chamber, warm 
water was again used for a period of ten minutes to assist the cleaning procedure of the 
spray drying chamber and atomizer. Finally, the air pressure setting was gradually 
decreased to zero over approximately 2 minutes and the main controller was then turned 
from M (fan motor) to O (chamber light and panel live indicator light). At the end of the 
every spray drying run, the atomiser, the drier chamber, as well as the connecting 
assemblies were cleaned thoroughly to prevent contamination of microcapsules 
prepared in the subsequent trial. The microcapsules were collected in the receiver jar, 
allowed to cool and weighed so that the yield of microcapsules produced could be 
calculated. This was done by dividing the weight of microcapsules by the total dry 
weight of the ingredients incorporated into the feed solution and the result was 
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expressed as a percentage. The yields of microcapsules produced were calculated using 
the following formula.  
 
It is noted that any product adhering to the inner walls of the chamber or other 
components of the spray dryer was not collected nor considered in calculating the yield. 
Each capsule preparation was placed into a closed sealed jar for storage until required 
for further analysis. Experimental conditions involved storage of samples in air-tight 
containers under dark conditions at ambient temperature (approx 22°C) for six months. 
A series of procedures were applied including analysis of AA content, measurement of 
the particle size distribution, colour, moisture content and water activity (aw), as well as 
examination of the structure of microcapsules by ESEM. 
 
6.7 The preliminary assessment of impact of core loading rates 
 
The procedures described in Sections 6.5 and 6.6 formed the basis for those used in the 
preliminary assessment of core loading rates. These methods relate specifically to the 
experiments for which results are reported in Chapter 7. The hydrocolloids with a 
combination of F30 and Instant MAPS were prepared by dissolution in 500 mL distilled 
water in the ratio of 8.3:1 to give a level of total solid material corresponding to 
approximately 30% (w/v) in the water. The solution was heated with hot plate to 
approximately 50 °C to ensure thorough hydration. After cooling to 35 °C, AA was 
added and stirred with magnetic stirrer until fully dissolved. The pH of each solution 
was then adjusted to 4.0 using NaOH (2M). A Niro Atomiser (Copenhagen, Denmark) 
laboratory spray drier with a vane–type rotary atomiser was used for 
microencapsulation. The conditions of spray dryer ; inlet and outlet temperature were 
within the range 120-121°C and 80-83°C respectively) and air pressure was 5.0 kg/m2. 
 
In the current trials, the food grade ingredients used in microencapsulation were AA as 
core material and a combination of hydrocolloid agents as wall materials. These were 
maltodextrin (Fieldose 30) and pregelatinised, modified waxy maize starch (Instant 
Yield (%)  =       
 
Weight of product in recovered in sealed collection jar 
× 100 
Weight of encapsulating agent(s) and AA  
(dry weight of feed) 
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MAPS), both supplied by Penford Australia Ltd, Melbourne, Australia. In the trials the 
rates of loading of the active ingredient incorporated were 6, 9, 18, 36, 54 and 72% of 
the dry weight of capsular material.  More details of levels for each core loading and 
wall material used are presented in Table 6.5. 
 
Table 6.5 The formulation levels of core loading, and wall materials used in 
preparation of hydrocolloids for spray drying 
 
No AA 
loading 
AA 
(g) 
Wall materials 
(F30+instant MAPS) (g) 
 (%)  8.3 1 
1 6 9 124.01 16.99 
2 9 13.5 120.05 16.45 
3 18 27 108.18 14.82 
4 36 54 84.43 11.57 
5 54 81 60.69 8.31 
6 72 108 36.94 5.06 
 
6.8 The effects of varying hydrocolloid proportions on encapsulation of AA by 
spray drying 
 
The general approach outlined in Sections 6.5-7 were used here with some adaptation. 
These methods relate specifically to the experiments for which results are reported in 
Chapter 8. The levels of core loading (AA), binding agent and wall materials (rice 
starch) used in the formulation of the feed material are presented in Table 6.6. 
 
Table 6.6 The levels of core loading, binding agents and wall materials used in 
preparation of hydrocolloids for spray drying 
 
Core loading (AA) (%) Binding agent (%) 
 
2 (B1) 4 (B2) 6 (B3) 
2  (A1) A1B1 A1B2 A1B3 
6  (A2) A2B1 A2B2 A2B3 
9  (A3) A3B1 A3B2 A3B3 
A= Core loading rate, B=Binding agent levels 
Chapter 6 
 52 
 
The three levels of core loading (Table 6.6) and three levels of binding agent were 
developed in order to evaluate the effects of varying hydrocolloid proportions on yield, 
retention of AA, moisture content, aw and colour. Furthermore, characteristics of 
microcapsules; particle size distribution and morphology were further identifying by 
laser beam scattering and SEM respectively. 
 
Typically, 2, 4, and 6% of binding agents ALG and LMP (in a 1:1 ratio) were combined 
and dissolved in 500 mL distilled water. Once sufficient time had elapsed to ensure 
through hydration, a known amount of RS (85-96 g) was suspended in the resultant 
solution and this was then designated as the feed material or preparation for spray 
drying. In each case the combination was prepared to give a level of total solid material 
corresponding to approximately 20% (w/v) in the water. 
 
The preparation was then continued and once each feed preparation was homogenous, 
the core loading material (AA) was added at levels of 2%, 6% or 9%. More details of 
levels for each core loading, binding agents and wall material used are shown in Table 
6.7. 
 
Table 6.7 The levels of core loading, binding agents and wall materials used in 
preparation of feed material for spray drying  
 
Test no Trials AA (%) Binding agent (%) RS (%) 
 
  
(ALG+LMP (1:1)) 
 1 A1B1 2 2 96 
2 A1B2 2 4 94 
3 A1B3 2 6 92 
4 A2B1 6 2 92 
5 A2B2 6 4 90 
6 A2B3 6 6 88 
7 A3B1 9 2 89 
8 A3B2 9 4 87 
9 A3B3 9 6 85 
A= Core loading rate, B=Binding agent levels 
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Finally, the pH of each of the feed solutions for spray drying was adjusted to 4.0. 
Microcapsules were then prepared by spray drying the solution using the Niro Atomiser 
system. During the run, the feed material was stirred with slow agitation, the air 
pressure was adjusted to 5 kg/cm2, the flow rate was 7 mL/min, inlet air temperature 
120 °C and the corresponding exit air temperatures were 90-95 °C. 
 
6.9 The optimization of spray drying process conditions 
 
The procedures described in this section relate specifically to the experiments for which 
results are reported in Chapter 9. Preliminary experiments were carried out to establish 
appropriate ranges for the optimisation studies. The range used for inlet temperature and 
feed flow rate were chosen from previous studies (Hau, 2008; Wijaya, Bui, & Small, 
2011) and were also based on the preliminary assessment of the characteristics of 
microcapsules produced using the spray dryer. At inlet temperature above 120 °C it was 
observed that it was not possible to produce suitable microcapsules and at flow rates 
above 14 mL per min very low yields of microcapsules were obtained. It is noted that in 
some preliminary experiments, especially for the inlet temperature above 140 °C and 
feed flow rate above 14 mL per min, the operating conditions resulted in very low 
yields by promoting extensive sticking of particles within the drying chamber. The 
resulting products could not be readily removed or recovered because effective particle 
drying was not achieved. The highest level for feed rate selected for further evaluation 
was the maximum rate that could be used without condensation appearing in the drying 
chamber. 
 
For these trials, the best combination of hydrocolloid formulations established in 
Chapter 8 was chosen (4% binding agent, 87% RS as wall material and 9% AA as core 
loading material) and using this, a further investigation of optimum spray drying 
process condition was carried out. The procedures were as follows: 4% of binding 
agents ALG and LMP (1:1) were combined with RS (87 g) and dissolved/suspended in 
distilled water. The preparation was then continued with each of the solutions of wall 
materials being combined as required, depending on the blend for the particular trial. In 
each case the combination was prepared to give a level of total solid material 
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corresponding to approximately 20% (w/v) in the water. Once each solution was 
homogenous, the 9% core loading material (AA) was added. Finally, the pH of each of 
the feed solutions for spray drying was adjusted to 4.0. Microcapsules were then 
prepared by spray drying the solution using the Niro Atomiser system under slow 
agitation at a feed flow rate selected from within the range of 7-14 mL/min, inlet air 
temperatures of 100 - 120 °C and exit air temperatures 70-110 °C, respectively, and an 
air pressure of 5 kg/cm2.  
 
6.10. The incorporation of encapsulated AA into a food formulation 
 
6.10.1 Preparation of white bread loaf samples 
 
For this study, the basic ingredients were bakers flour, yeast, sugar, shortening, salt and 
deionized water. Loaves were prepared following a method based upon that described 
by the Bread Research Institute of Australia (BRIA) (1989) and adopted. Encapsulated 
AA was incorporated into sample white bread loaf after the basic bread ingredients were 
added and mixed proportionally by bread maker during initial mixing. Panasonic bread 
maker units were used (SD-253, Matsushita Electric Ind. Co.Ltd; Figure 6.2) and the 
rapid cycle of 1 h and 55 min was selected for preparing the baked loaves. Immediately 
following completion of the cycle, the baked loaves were removed from baking pans 
and placed onto wire racks. Loaves were then allowed to cool at room temperature for 1 
hour and representative samples were taken for analysis of AA and moisture contents. 
The description of all the ingredients used, together with the amount and relative 
proportion are presented in Table 6.8. 
 
Table 6.8 Basic ingredient formulation used for white bread  
 
No Ingredient Amount (g) Relative proportion (%) 
1 Bakers flour 225 100 
2 Yeast 3.4 1.5 
3 Sugar 4.5 2 
4 Shortening (top bake) 4.5 2 
5 Table salt  3.75 1.7 
6 Water  141.75 63 
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Notes: Source was adopted from Bread Research Institute of Australia (BRIA) (1989) and proportions are 
expressed in relative terms with respect to the flour component, in line with common practice in 
the baking industry. The amount of ingredients used was 75% from original BRIA formulation 
 
 
 
Figure 6.2 Panasonic breadmaker unit used in processing of loaf bread  samples 
 
 
6.10.2 Procedures for vitamin extraction from food matrices 
 
Samples at different stages of preparation; initial dough mixing, dough proving and 
after baking were taken. All of the samples were macerated prior to extraction of AA 
and for this a small quantity (5 g) of each sample was weighed and blended with freshly 
prepared aqueous 0.2% (w/v) DTT using the Ultra-Turrax for 2 minutes. The mixture of 
each sample was then homogenising by centrifugation at 4500 rpm for 10 minutes. Sub-
samples from each preparation stage were prepared in duplicate. Extracts (5 mL) from 
were diluted in a 10 mL volumetric flask to which iso-AA (500 μL) was also added as 
internal standard. The solution was then filtered through a nylon syringe micro filter (45 
μm) prior to analysis using the following CE method 
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6.11. AA analysis using CE 
 
The AA analysis procedure by CE has been used was based upon those reported by 
Thompson and Trenerry, (1995) and Trenerry, Robertson, & Wells, (1994). The 
procedures included preparation of standards and buffer solution as well as instrumental 
analysis and data handling and each of these is now described. 
 
6.12. Preparation of standards for CE analysis 
 
Standard stock solutions of AA and D-iso-AA were prepared in Milli-Q water to give a 
final concentration of 1000 μg/mL. In both cases, DTT was also weighed and dissolved 
at the same time as the AA or D-iso-AA in order to give a final concentration of 0.2% 
(w/v). This solution was prepared freshly and was only used on the day of preparation. 
AA stock solution was diluted to provide working standards of 10, 30, 50, 70, 100 and 
150 μg/mL. For the analysis of microcapsules with higher loading rates the standard 
solution as follows 250, 500, 750 and 1000 μg/mL, and then D iso-AA stock solution as 
an internal standard was added to each so that the concentration was 50 μg/mL in all 
cases. The individual standard solutions were filtered using 0.45 μm nylon filter and 
then analysed using CE. A set of standard solutions was prepared and analysed on each 
day that the CE analysis of AA was performed and a standard curve drawn using the 
resultant data. 
 
6.13. Preparation of CE running buffer 
 
The buffer was prepared by dissolving 2.16 g of sodium deoxycholate in 100 mL of a 
solution prepared by mixing 50 mL each of potassium dihydrogen orthophosphate (0.02 
M) and sodium tetraborate (0.02 M). The pH of the resultant buffer was routinely 
checked and found to be 8.6 ± 0.1 and no adjustment was required. This solution was 
also filtered through a 0.45 μm nylon filter prior to use. 
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6.14. Analysis of samples using CE 
 
For AA analysis, samples of microcapsules and DTT were weighed and 
dissolved/dispersed in 10 mL Milli-Q water using a magnetic stirrer. The concentration 
of DTT in the resultant solution was 0.2% (w/v). The amount of capsules used for 
analysis was 0.10 g for all capsules. For each sample extract, 1 mL was taken and 
transferred to a 10 mL volumetric flask. D-iso-AA stock solution was added to each 
flask to give a final concentration of 50 μg/mL of this internal standard and the contents 
made up to the mark with Milli-Q water. The sample solution was then filtered through 
a 0.45 μm nylon filter to remove any suspended material that might block or damage the 
capillary column of the CE. The filtered sample solution was analysed on the CE system 
and the peak data recorded from the electropherograms.  
 
Furthermore, the capillary column used during this project was 75 μm of internal 
diameter and 60 cm of effective length. The conditions used in CE were: Micellar 
Electrokinetic Chromatography (MEKC) mode; hydrodynamic injection mode; running 
buffer of phosphate-borate and incorporation of sodium deoxycholate with pH 8.6; 15 
kV applied voltage to the capillary; typical run time of 20 minutes; detection at 
wavelength 254 nm; and temperature control set at 28 °C. The capillary was rinsed 
between each run using sodium hydroxide (0.1 M) for 2 minutes, then Milli-Q water for 
2 minutes followed by the sodium deoxycholate buffer for 2 minutes, in order to 
enhance the reproducibility of the analysis as well as preventing blockage of the 
capillary. The CE instrument used is shown in Figure 6.3. 
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Figure 6.3 The capillary electrophoresis system 
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6.15. Analysis and calculation of CE data for AA content 
 
In this current research, SAhimadzu Class LC-10 Software Version 1.60 (Shimadzu 
Corporation, Japan) was used for data acquisition and analysis. The calibration graph 
was prepared using the response ratio of area (area of standards/area of internal 
standard) and the corresponding value of the working standard concentration. The 
desired value of correlation coefficient (R2 value) of calibration graph for the study was 
≥0.90. If the standard curve had an R2 value lower than 0.90, the associated sample data 
was not accepted and the analyses were repeated. It is noted that the peak results for the 
sample solution were used to calculate the response ratio of area of AA to that of the 
internal standard. Using this calculated ratio and the calibration graph, the concentration 
of AA in the extract of the microcapsule sample was determined and then used to 
calculate to relative retention of AA in the microcapsules. 
 
6.16 Microstructure morphology using ESEM 
 
The outer surface structures of microcapsules were observed using the FEI Quanta 200 
ESEM (Figure 6.4) at an accelerating voltage of 30 kV; pressure of 0.5 Torr; spot size 
of 5.0; and working distance of 10 mm. For this, a small quantity of each microcapsule 
preparation was mounted on a metal stub using double sided adhesive tape and the 
features viewed under various magnifications and a low vacuum atmosphere. 
 
 
Figure 6.4 FEI Quanta 200 ESEM used in the current study 
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6.17 Particle size analysis by laser diffraction 
 
The particle size distribution of microcapsules was measured by laser diffraction using 
the procedure described by Cornell, Hoveling, Chryss, & Rogers (1994) and for each 
individual batch of microcapsules prepared, triplicate analyses were performed. Small 
amounts of microcapsules were used, with the amount being adjusted to provide 
readings that corresponded to approximately 30% obscuration in order to achieve 
representative results (Cornell, Hoveling, Chryss, & Rogers, 1994). Furthermore, the 
capsules were then dispersed in iso-butanol with continuous stirring. iso-Butanol was 
used for the analysis due to its desirable characteristics as a suspending liquid for 
microcapsules – these were its ability to effectively act as a dispersant without in any 
way disrupting capsule structure (Kwak, Lee, Ahn, & Jeon, 2009). The instrument used 
for laser beam scattering was a Malvern Mastersizer X (Figure 6.5) and the main 
features selected for this study were: 300 mm range lens (suitable for a range of particle 
sizes of approximately 1.2-600 μm diameter) and the stirred cell option was selected. 
 
 
Figure. 6.5 The Malvern laser beam scattering instrument (Mastersizer X) 
 
6.18 Moisture determination  
 
The moisture analysis of microcapsules was based upon the Official Method of the 
Association of Official Analytical Chemists (AOAC International) 925.45-44.1.03 
(Bernetti, 2002) using the oven drying procedure. A sample of microcapsules of 
approximately 2 g test portion was placed in an aluminium moisture dish and 
transferred into the air oven set and equilibrated at 102 °C. Samples were allowed to dry 
for 12 hour and then the dried microcapsules were transferred immediately to 
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desiccators, cooled to room temperature and weighed. The microcapsules were then 
dried for a further hour and this drying process repeated until constant weight was 
achieved. The results were calculated and the moisture content of the microcapsules 
expressed as a percentage (Bernetti, 2002). 
 
The loss in weight was used to calculate the moisture content of the samples using the 
following equation: 
 
6.19 Measurement of water activity (aw) 
 
Measurements of aw were carried out using a Novasina aw meter (model ms1-aw). 
Samples of each of microcapsule sample (approximately 3 g) were placed into the 
plastic container provided with the aw analysis system. Each was placed in the aw meter 
for measurement. Triplicates samples were analysed and the mean was recorded. 
 
 
6.20 Measurement of the pH of bread samples  
 
The pH values of bread samples were determined by the AACC standard procedure 
(AACC, 2000). For this, a sub-sample of 10 g was thoroughly blended in 100 mL of 
water using the Ultra-Turrax homogenizer. The mixture was then allowed to settle for 
approximately 30 min after which the supernatant liquid was decanted and tested with a 
calibrated pH meter. All analyses were carried out in triplicate. 
 
6.21 Measurement of colour  
 
The colour was determined by using a Minolta Chroma Meter. The colour analysis was 
based on the method described in Perkins-Veazie et al (2001) using Minolta 
Colorimeter CR-300, Japan (Perkins-Veazie, Collins, Pair, & Roberts, 2001; Quek, 
Chok, & Swedlund, 2007). Readings were taken using the CIE (Commission 
Internationale de L’Eclairage) L*a*b* colour space. This system uses three values (L*, a* 
Moisture content  =       
(percent) 
Loss in weight of dish, lid and sample upon drying 
× 100 
Initial weight of sample 
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and b*) to describe the precise location of a colour inside a three-dimensional visible 
colour space are illustrated in Figure 6.6. 
 
 
 
Figure 6.6 Framework of the CIELAB colour model (MacEvoy, 2004) 
 
The instrument was first calibrated using the white calibration tile supplied by the 
manufacturer. For analysis, the three different colour parameters, L*, a* and b* were 
recorded. The L* value measures the degree of whiteness/darkness and the higher the L* 
value, the lighter the colour. The a* value indicates the balance between redness and 
greenness of the sample with positive values corresponding to red colours and negative 
to green. The b* value indicates the balance between yellowness (+) and blueness (-). 
For a* and b* readings, values closer to zero indicate less intense colour whereas 
readings further from zero correspond to more intense chroma characteristics 
(Hutchings 1999). Triplicate sets of readings were taken on all samples by moving the 
measuring head on a random basis to different locations on the surface of the sample 
between readings and mean values are reported. 
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6.22 Calculation of data to a dry weight basis 
 
The results from replicate analyses were first averaged. The data was then expressed on 
a moisture-free basis using the moisture content values determined using the method in 
Section 6.18. The formula used was:  
 
Vitamin content 
(adjusted to a dry basis) 
= vitamin content 
(as is basis) 
× 100 
100 - actual moisture of sample 
 
 
6.23 Statistical analysis using Minitab software 
 
Response Surface Methodology (RSM) using the Central Composite Design (CCD) was 
developed to analyze optimization of spray drying process condition. The objective of 
the experimental design approach was to obtain information on the variables influence, 
optimum settings and any interactions by using the minimum number of experiments or 
trials. The response surface produced from the second-order polynomial model was 
used to examine the main effects and interactions of the variables. The experiments 
were carried out in random order and the data was analyzed using Minitab for Windows 
(v.16 Minitab 2006, USA). 3-Dimensional contour surface plots were created using 
Statistica (Statsoft Inc, USA). A more detailed introduction to the CCD approach and its 
application in this study are provided in Section 9.2. 
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Chapter 7 
 
Results and discussion: The preliminary assessment of impact 
of core loading rates (AA) 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
preliminary assessment of impact of core loading rates (AA) on characteristics of 
microcapsules and losses of AA during storage. Preparation of hydrocolloids and 
analytical methods also are reviewed. 
 
7.1  Introduction 
 
Although spray-dry encapsulation technology has a number of advantages including that 
it is a relatively well-established technology applied in the food industry, utilising 
readily-available equipment, producing suitable amounts of capsules economically, it 
also has several limitations. For example, firstly, the list of potential water-soluble shell 
materials is limited to those that can form concentrated aqueous solutions of sufficiently 
low viscosity that they can be pumped. Often this corresponds to 30–60 % solids, 
expressed on a weight basis. Secondly, although spray-drying protocols that allow core 
loading up to 50–60% have been reported, currently spray-dried capsules typically carry 
a lower loading (Thies, 2003). In the context of the possible application of 
microcapsules for fortification of foods with essential micronutrients, the loading rates 
of the active ingredient are particularly important. 
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7.2  Preparation of hydrocolloids for spray drying 
 
The procedures for preparation of microcapsules by spray drying method are those 
described in Section 6.7 in Chapter 6. These procedures have been developed on the 
basis of previous reports, particularly the work of Dian, Sudin, & Yusoff (1996); Uddin 
(2001); Zhao & Whistler (1994); Wijaya et al (2011). For the current experiments, food 
grade ingredients were used in microencapsulation and these were AA as the core 
material and a combination of hydrocolloid agents as wall materials. Those selected 
were maltodextrin (Fieldose 30) and pregelatinised, modified waxy maize starch 
(Instant MAPS) and these were chosen on the basis of a previous evaluation reported by 
Wijaya et al (2011). In that, the current combination was found to have excellent 
retention properties when compared to 14 others during a long term storage trial 
including elevated temperature regimes. 
 
7.3 Yields of microcapsules prepared by spray drying 
 
When a series of trials were carried out, microcapsules were successfully prepared and 
the yield of the capsules was calculated. For this, the calculation used is described in 
Section 6.7 of the materials and methods Chapter 6 and the results are expressed as a 
percentage. The effect of varying core loading rate on yield of microcapsules by spray 
drying is presented in Figure 7.1. 
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Figure 7.1 The effect of varying core loading rate on yield of microcapsules by 
spray drying 
Note: Means that do not share a letter are significantly different. 
a non-linear horizontal scale has been used in this figure 
 
The data indicates that loading rates does has only a minor influence on spraying 
process yield for rates in the range of 6-36% and with increasing loadings beyond these, 
there was a significant decrease over the range studied (from 54-72%). A significant 
inverse correlation between loading rate and yield has been reported by Tan, Chan and 
Heng (2005) who verified that higher oil loading rate resulted in lower process yield for 
microencapsulation of fish oil by spray drying. From the observations in the current 
study, the microcapsules produced with a loading rate of 72% were very sticky and the 
material was predominantly deposited onto the wall of the drying chamber rather than in 
the receiver at the base of the cyclone arrangement. As a result the microcapsules could 
not be readily recovered and thus, at this loading rate, very low of yields were obtained 
due to the powder adhering to the drying chamber. Similar finding was also reported by 
Billon at al (2000) in the context of the development of spray-dried acetaminophen 
microparticles. 
 
In the current trials, the yield values were all consistently within the range of 79-89% 
(except for the loading rate of 72%) and these are relatively high considering the small 
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scale of the trials. Based upon extensive experience with spray drying of food materials, 
it might be expected that significantly higher yields of capsular material would be 
routinely obtained if these operations were scaled up from the very small scale used in 
this work to a commercial level (Gharsallaoui et al., 2007) 
 
7.4 Ascorbic acid analysis by capillary electrophoresis 
 
For the determination of AA in the current research, CE instrumentation has been used 
and the specific procedure is based upon that described in the literature review with 
some modification, validation and adaptation. In the previous reports, sodium 
deoxycholate buffer was applied in the measurement of AA in a wide range of food 
products (Thompson & Trenerry, 1995; Wijaya, Bui, & Small, 2011). The conditions 
specifically chosen for the current study were: MEKC mode, hydrodynamic injection; 
running buffer of phosphate-borate and incorporation of sodium deoxycholate at a pH of 
8.6 and an applied voltage to the capillary of 15 kV.   
 
A typical electropherogram for ascorbic acid extracted from microcapsules and with the 
addition of D- erythorbic acid (iso-AA) as internal standard (Figure 7.2) shows 
retention times of AA and iso-AA of 12-13 minutes and 14-15 minutes, respectively. In 
addition, both peaks were effectively separated from that of DTT which was used 
during extraction and analysis in order to enhance stability of AA. The 
electropherograms for sample extracts confirm the effectiveness of this approach to 
analysis and its suitability for AA, giving good separation of the individual components 
found in the microcapsule samples, as well as the internal standard. 
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Figure 7.2 A typical electropherogram of AA extracted from microcapsules with 
varying core loading rate 
 
7.5 The calibration standards of the analysis 
 
For the analysis of encapsulated AA, a typical calibration standard curve is presented in 
Figure 7.3. A high degree of linearity of detector response is shown from the 
correlation coefficient for varying concentrations of AA. For concentrations of up to 
1000 μg/mL, excellent linearity of detector was observed. These higher concentrations 
of AA were trialled because the expected results for some samples were higher 
especially for 72% loading rate. 
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Figure 7.3 Analytical curve of the graph obtained for calibration using standard 
AA and iso-AA as the internal standard 
Notes 1 The ratio of areas was calculated as the area for the AA peak divided by the peak area for 
the iso-AA internal standard. 
 2 The calibration graph including the equation and correlation coefficient was prepared using 
Microsoft Excel software. 
 
Following the validation of the analysis procedure for AA, the procedures were adopted 
and applied to a further important aspect of microencapsulation. This has involved the 
impact of varying levels of incorporation on the loss of AA during storage of the spray 
dried capsules and the results are summarized in Figure 7.4. 
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Figure 7.4 The impact of storage of microcapsules on the loss of AA for capsules 
with varying loading rate of incorporation of AA. Experimental 
conditions involved storage of samples in air-tight containers under 
dark conditions at ambient temperature (approx 22°C) for six 
months 
Note: Means that do not share a letter are significantly different. 
a non-linear horizontal scale has been used in this figure 
 Error bars represent 95% confidence interval values 
 
 
There was a significant impact of loading levels on loss of AA, and initially increasing 
loading rates decreased the loss in AA until the 18% of loading rate, however when 
loading rate was increased beyond 18%, then there was significant losses in AA during 
the process by spray drying. The poorer retention related to much higher loading rates 
can be attributed to much greater amounts of the core materials close to the drying 
surface which shortens the diffusion path length to the air/particle interface (Jafari et al.,  
2008). Observations similar to those found in the current results were reported by 
Minemoto et al (2002) who focused upon microencapsulation of linoleic acid. They also 
reported that encapsulation efficiency decreased when the weight ratio of core to wall 
material was increased. These workers suggested that the reasons for this were because 
at higher ratios, the amount of wall materials might be insufficient to fully cover the oil 
droplets and this insufficiency might result in a decrease in the encapsulation efficiency 
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for protection of core materials. In a review of the use of spray drying for the purpose of 
microencapsulation, the importance of achieving high retention of the core material 
during processing and storage, has been emphasised (Ré, 1998). 
 
7.6 Measurement of moisture content (MC) 
 
In order to further characterise the microcapsules prepared in the current investigation, 
MC of the various microcapsular materials has been measured using an oven drying 
procedure and the results are shown in Figure 7.5. 
 
Figure 7.5 The impact of varying of core loading rates on moisture content of 
microcapsules by spray drying 
Note: Means that do not share a letter are significantly different. 
a non-linear horizontal scale has been used  in this figure 
Error bars represent 95% confidence interval values 
 
The results demonstrate that the MC of the microcapsules varied within the range of 
4.64 – 8.64%. There was a trend for higher core loading rates of AA to be associated 
with higher moisture contents. This may partially reflect the fact that the microcapsules 
were relatively dry and might readily absorb water from the environment during the 
spray drying process. In addition to that the higher of AA content in microcapsules give 
a better chance to absorb more water from outside of microcapsule because of matrix 
type of microcapsule produced by spray drying.  This meant that microcapsules with 
lower MC could be obtained by decreasing the proportions of AA incorporated while 
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increasing the relative amounts of the wall materials. Similar findings were reported by 
Quek et al. (2007), from a study of the physicochemical properties of spray-dried 
watermelon powders, in which maltodextrin as wall materials. 
 
7.7 Measurement water activity (aw) 
 
In order to further understand the properties of the microcapsules, aw was measured and 
the results are shown in Figure 7.6. 
 
Figure 7.6 The impact of varying of core loading rates on aw of microcapsules by 
spray drying 
Note: Means that do not share a letter are significantly different. 
a non-linear horizontal scale has been used  in this figure 
Error bars represent 95% confidence interval values 
 
As expected for spray dried materials, the aw values are all quite low. In addition, there 
was a trend for higher core loading rates to give higher aw values of the microcapsules: 
the higher loading rates for AA, the higher was aw, especially for loading rates of 54 
and 72 %. It is known that for spray-dried powders and microcapsular products, one of 
the important index is aw. This is because it can greatly affect the shelf life of the 
microcapsule produced. It is defined as the ratio of vapour pressure of water in a food 
system to vapour pressure of pure water at the same temperature (Gregory, 2008). 
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Moisture content is different from water activity as the latter measures the availability 
of free water in a food system that influences the rate of any chemical or biochemical 
reaction, whereas the moisture content represents the water composition in a food 
system. High aw corresponds to more free water being available for reactions and 
hence, will affect the shelf life of the product. Food with aw < 0.6 is considered as 
microbiologically stable generally and if any spoilage or undesirable changes occur, 
these are due to chemical reactions rather than from micro-organisms (Quek et al., 
2007). From the results presented in Figure 7.6, show that each of the microcapsules 
have a relatively low aw which varied within the range 0.09 to 0.5. 
 
7.8 Colour characteristics of microcapsules  
 
The colour characteristics of capsules can be of practical importance, even if the particle 
sizes are low. This is most likely to be relevant if capsules are to be incorporated into 
food products for which the final product is of light colour and also if the uniformity of 
the appearance strongly influences consumer acceptance. In order to evaluate these 
aspects of capsular usage, the chroma properties have been measured using a* Minolta 
Chromameter. The results have been recorded in terms of the L*, a*, b* system. The 
results of the colour measurement for L* values of microcapsules by spray drying are 
provided in Figure 7.7.  
 
The L value measures the degree of whiteness/darkness and the higher the L* value, the 
lighter the colour. The a* value indicates the balance between redness and greenness of 
the sample with positive values corresponding to red colours and negative to green. The 
b* value indicates the balance between yellowness (+) and blueness (-). For a* and b* 
readings, values closer to zero indicate less intense colour whereas readings further 
from zero correspond to more intense chroma characteristics (Quek et al., 2007). 
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Figure 7.7   The impact of varying of core loading rate on L* values of 
microcapsules by spray drying 
Note: Means that do not share a letter are significantly different. 
a non-linear horizontal scale has been used  in this figure 
          Error bars represent 95% confidence interval values 
 
It was found that when the loading rates from 6-54% the L* values has only slightly 
changed whereas at the higher rate (72%) the value was lower. It was also found that 
loading rate increased the chroma values.  The chroma (a* and b*) values of 
microcapsules by spray drying are shown in Figure 7.8. Overall, the lightness of 
microcapsule reduced and the chroma values increased with increasing loading rate. 
This is consistent with the visual observations that colour of the microcapsules has 
become slightly darker at higher loading rates. This could be practically relevant in 
some food applications, such as to increase colour of cookies products 
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Figure 7.8   The impact of varying of core loading rate on a*       and b*       values 
of microcapsules by spray drying 
Note: a non-linear horizontal scale has been used  in this figure 
 
 
7.9 Microstructure morphology using environmental scanning electron 
microscopy 
 
ESEM is a relatively new technique which allows the examination of specimens in a 
gaseous environment rather than under high vacuum conditions that have been widely 
exploited in electron microscopy. The use of the newer generation ESEM instruments 
expedites the preparation and testing of samples as specimens as these no longer require 
any time-consuming preparation such as either freeze drying to remove moisture or 
application of a conductive coating. In the current study, all microcapsules prepared by 
spray drying were evaluated by ESEM particularly in order to assess overall shape and 
the surface appearance as well as the integrity of the capsules and any evidence of 
damage or breakage. The typical appearance of capsules is shown in Figure 7.9.  
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Figure 7.9 Morphology of spray dried microcapsules obtained using ESEM. 
Capsules were prepared with AA incorporated at rates of (1) 6%, (2) 
9%, (3) 18%, (4) 36%, (5) 54% and (6) 72%, respectively 
 
 
The images obtained by ESEM demonstrate that most of the spray-dried particles 
prepared from loading rate within range 6-36% were generally spherical in shape. In 
each case, the surfaces appear to be continuous and show indentations to varying 
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extents. However, no cracks or perforations can be observed for any of the 
microcapsules loading rate in within range 6-36%, indicating that the structures have the 
potential to minimise exposure of the capsular contents to the external environment and 
therefore may offer protection to the active ingredients within the core. The appearance 
of microcapsules prepared in the current investigation is typical of that of many spray-
dried materials including microcapsules.  
 
In relation to loading rates, the microcapsules demonstrate good structure and integrity 
for increasing levels of AA including 6, 9, 18, and even as high as 36% (Figure 7.9, 
pictures 1-4). At a level beyond this, corresponding to loading rates of 72% (picture 6) 
capsules appeared to lack coherence. The surface indentations are similar to those 
reported by Wijaya et al (2011) when AA was encapsulated using a variety of 
encapsulating agents. It has been suggested that this surface feature is due to rapid 
particle shrinkage during the early stage of the drying process (Kim and Morr, 1996). In 
the microcapsulear formulations, it appeared that there was a reduction in the extent to 
which indentations formed in the outer surface of particles with reducing loading rates 
of AA, corresponding to an increasing ratio of the wall materials to the core.  
 
Despite minor differences in appearance for core loading rates in the range of 6-36%, 
the morphology of microcapsules is relatively similar with a fairly smooth spherical 
structure along with some indentation occurring and the outer surfaces free of cracks 
and pores. Moreover, surfaces were concave and shriveled, which is typical of 
microcapsules produced by spray drying. This type of morphology was also observed 
by Trindade et al (2000). In addition to that, the incorporation of plasticiser will enhance 
the flexibility of the polymer chains and forms a less porous network. Here, the 
molecules of the plasticiser exert their effects by interposing between the polymers 
chains, hence reducing cohesion between polymers and alters the hard, brittle coating to 
one that is flexible and tough (Uddin et al., 2001). It therefore may be that the capsules 
having the smoother surface will demonstrate less susceptibility to breakage as well as 
enhanced resilience during spray drying process. 
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7.10 Measurement of particle size and distribution by laser diffraction 
 
In the current trials, the particle size distribution of microcapsule preparations was 
measured using laser diffraction instrumentation. The information collected from the 
scattering of the analysis beam as it passed through the sample was collected and 
evaluated using the Malvern software. A typical graphical representation of results for 
the particle size distribution of microcapsules is shown in Figure 7.10. In the plot for 
each microcapsule preparation there are two curves: one of these represents the relative 
amounts of the particles within each range of particles sizes and this is referred to as the 
frequency curve. The second curve provides a cumulative value in which the total value 
of the particles having particles with a diameter less than the designated value is shown. 
Here, the cumulative curves shown are those described in the Malvern instrument 
manual and software as being “under size” plots. On the basis of the volume share 
distribution, a granulometric composition was determined using the characteristic 
parameters D10, D50 and D90, which are the equivalent volume diameters at 10%, 
50%, and 90% cumulative volume, respectively. 
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Figure 7.10 Graph of particle size distribution for microcapsules prepared with 
the combination F30+Instant MAPS +36% AA 
 
The diameter of particles produced at different loading rates measured by laser 
diffraction are summarised in Table 7.1. The microcapsules prepared by spray drying 
with different loading rate consist predominantly of particles having diameters in the 
range of 19 to 234 µm.  
 
Table 7.1 The effect of varying core loading rate on microcapsules size by spray 
drying 
 
Core loading rate 
(%) 
Diameter of microcapsules (µm) 
Mean of peak (D50) Mean of 10% 
(D10) 
Mean of 90%  
(D90) 
6 51.2 ± 5.4 19.0 ± 0.3 86.2 ± 6.1 
9 47.0 ± 5.0 25.0 ± 1.3 73.2 ± 10.0 
18 36.5 ± 3.3 17.5 ± 0.5 58.4 ± 7.8 
36 46.6 ± 0.9 21.0 ± 0.1 80.4 ± 2.3 
54 90.8 ± 5.7 32.7 ± 2.2 162.5 ± 10.5 
72 130.8 ± 3.5 45.2 ± .1 234.4 ± 11.7 
Cumulative 
(undersize) plot 
Frequency curve 
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Furthermore, the results show that for core loadings within range of 6-36%, there is 
relatively little effect in terms of diameter. However, when the core loading rate is 
increased to 54 and 72%, particles showed large increases in the median diameter. This 
may be due to the fact that at higher loading rates of core to wall materials the 
microcapsules remained in the drying chamber for a short time which may not be 
enough to dry the particles and hence caused some agglomeration of particles. Similar 
finding were also reported by Laohasongkram et al (2011), in a study of 
microencapsulation of macadamia oil by spray drying, in which the ratio of sodium 
caseinate to maltodextrin encapsulants was varied, along with the ratio of wall material 
to core materials. The current data on particle size distribution confirm the observations 
from ESEM images showing that higher rates resulted in larger particles having less 
regular shapes. 
 
In the application of microencapsulation, biggest significant consideration is the extent 
to which particle agglomeration has occurred within the powder. It has been noted that 
particle size distribution has a considerable influence on the flow characteristics of a 
powder. In general, the larger the particle size and the narrower the particle size 
distribution the more free-flowing will be the powder. Researchers have also found that 
there is a definite correlation between particle morphology and flow properties 
reflecting bonding due to irregular shapes through mechanical interlocking. Based upon 
a comparison of flow properties of a wide range of spray dried materials, it has been 
reported by Walton (2000) that to obtain a free-flowing powder, particles should ideally 
be perfectly spherical with few or no surface cracks or indentations, and particles should 
not be agglomerated. In this context, the microcapsules with AA as the core material are 
likely to be relatively free flowing, at least for those prepared with a loading rate of up 
to 36%. 
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7.11 General discussion and summary of results of impact of core loading rates 
 
The overall findings of this phase of the study indicate that AA loading rate has a 
substantial impact on microcapsule morphology. According to the microstructural 
analysis of the microcapsules obtained with different core loading rates, a desirable 
structure and integrity were found when loading rates were within the range of 6-36%. 
At the level beyond this, capsules appeared to lack coherence. It was found that loading 
rates also had a significant effect on loss of AA. Increasing the loading rates has tended 
to decrease the loss of AA until optimum loading rates were reached (9-18%) and from 
then the loss of AA increased dramatically with increasing loading rates. There was a 
trend for higher core loading rates of AA to be associated with higher MC as well as aw. 
It was found also that the lightness of microcapsule reduced and the chroma values 
increased with increasing loading rate. Therefore, suitable loading rates may be selected 
to ensure uniformity of distribution within the food being fortified and the 
microcapsules are suitable for further evaluation of retention in food systems. 
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Chapter 8 
 
Results and discussion: The effects of varying proportions of 
hydrocolloids during encapsulation of AA by spray drying 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
preparation of hydrocolloids for spray drying and analysis of encapsulated AA by 
response surface methodology. Following morphological characteristics of spray-dried 
products were investigated. 
 
8.1  Introduction 
 
Based upon a thorough review of the literature (Chapter 2), the primary factors that are 
likely to affect the functional properties of microcapsules are the hydrocolloid 
composition of the wall materials and their relative proportions. These parameters may 
be used to control the characteristics of microcapsules produced. In general terms, an 
ideal coating should exhibit good rheological properties at high concentrations and be 
easy to handle during the encapsulation process. In addition, it should have an ability to 
disperse or emulsify the active material and provide stability to the resultant matrix. 
Encapsulating agents should not react with the material to be encapsulated either during 
processing or on prolonged storage. Furthermore, the wall materials are required to seal 
the active material within the structure during processing and storage; completely 
release the solvent or other materials used during process of encapsulation under drying 
or other conditions used to remove the solvent; whilst providing maximum protection to 
the active material against environmental conditions (Desai & Park, 2005). 
 
According to Carneiro et al (2013), the selection of wall materials and their 
combinations affects the characteristics and efficacy of microcapsules. Lee et al, (2000 ) 
reported that in order to attain the desired core content and release profile, the ratio of 
core to wall components has to be carefully considered and adjusted. In previous 
research, Hau (2008) provided preliminary evidence that the combination of rice starch 
with binding agents ALG-LMP has potential as a wall material for the encapsulation of 
folic acid by spray drying. Accordingly this approach has been further investigated and 
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extended in the current research. For this, statistically designed experiments were used 
as these allow the evaluation of the effects of both main factors as well as their 
interactions. Therefore varying rates of the binding agents ALG-LMP and also of AA as 
the core loading have been incorporated into the microcapsules and the effects 
investigated for production yields, AA recovery, MC and the morphological 
characteristics of the spray-dried products. The approach of response surface 
methodology has been utilised to not only design the experiments but also to evaluate 
the optimal combination of hydrocolloids. 
 
The purpose of this current study has been focused upon the effect of varying 
proportions of binding agents; ALG-LMP and the loading rate of AA incorporated into 
the microcapsules enhancing retention of AA by response surface methodology. 
 
8.2  Preparation of hydrocolloids for spray drying 
 
The procedures for preparation of microcapsules by the spray drying method are those 
described in Section 6.8 of Chapter 6. These procedures have been developed on the 
basis of previous reports, particularly the work of Zhao & Whistler (1994); Uddin et al 
(2001); Hau (2008); Wijaya et al (2011) For the current experiments, several types of 
food grade ingredients were used in microencapsulation and these were AA as the core 
material and a combination of hydrocolloid agents as binding agents and wall materials. 
Those selected as binding agents were ALG-LMP and as an inert wall material, rice 
starch was trialled. The experiments were intended to investigate the effect of varying 
proportions of binding agents, ALG-LMP and the loading rate of AA incorporated into 
the microcapsules in order to enhance the retention of AA. 
 
8.3  Yields of microcapsules prepared by spray drying 
 
The response surface demonstrating the effects of core loading rate and binding agents 
on yield of microcapsules prepared by spray drying are presented in Figure 8.1 and the 
regression coefficients for the variables are tabulated in Table 8.1. 
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Figure 8.1 Response surfaces for the effect of binding agent and core loading 
rates on yield by spray drying 
 
The graph shows that, initially, with increasing core loading and binding agent rate, 
there was a slight increase in the yield of microcapsular material. With further increases, 
yield then decreased after reaching the optimum response. It is note that the yields from 
all trial combinations was relatively high, considering that the spray drying during the 
trials were carried out on a small scale. In all cases, the powder was readily recovered 
and the spray dried product appeared as fine, well separated, dry particles. The values 
were all consistently within the range of 77-86% and these results indicate that the 
resultants parameters obtained using response surface methodology for the binding 
agent and core loading formulation are providing desirable product. According to Billon 
et al (2000) minor losses of product can be explained by the occurrence of slight 
sticking on the chamber walls and the loss of very fine particles which are not 
dissociated from the air by the cyclone separator. In that earlier report there were 
residual microcapsules remaining inside the chamber after the spray drying run and 
recovery of residual material from within the spray drier was not attempted. The reason 
that this approach was selected was in order to minimise the possibility of cross 
contamination of spray drying materials. 
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Table 8.1 Regression coefficients of second-order polynomial models for the effect 
of binding agents and core loading rates on yield responses (in coded 
units) 
 
Factor Yield 
 Coefficient P 
Constant 86.0429 0.000 
A 0.2900 0.709 
B 0.2681 0.730 
AA -4.6229 0.035 
BB -0.0500 0.970 
AB -3.5310 0.026 
R2(%) 91.13 - 
 
Notes 1 A = Core loading rate; B = Binding agent rate 
 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis shows that there is no significant influence of the main effects 
of core loading and binding agent rate independently upon the yield of microcapsules 
(P>0.05). However, there is an interaction effect between the core loading rate and 
binding agent (P<0.05) which significantly affected the yield of microcapsules by spray 
drying. It is noted that there is no significant effect of the main parameters to yield of 
microcapsules and this might be explained in terms of the solids content used for all 
trial combinations having been held the same (20%) for this phase of the current study.  
 
The regression analysis shows a relatively high value of R2 (approx. 91%). The 
coefficient of determination (R2) is a statistical measure of how well the regression 
model approximates the real data points. Effectively this provides an estimate of the 
percentage of variation in the data explained by the regression model. Generally, a 
highR2 (≥80%) indicates that there is a significant relationship between the variables 
and responses. 
 
 
  
Chapter 8 
 
 87 
8.4 Response surface for the effects of core loading rate and binding agents on 
moisture content (MC) 
 
In order to further characterise the microcapsules prepared in the current investigation, 
moisture contents of the various microcapsular materials have been measured using an 
oven drying procedure. Response surface for the effects of core loading rate and binding 
agents on MC of microcapsules prepared by spay drying  are shown in Figure 8.2 and 
the regression coefficients of the variables are tabulated in Table 8.2 
 
 
Figure 8.2 Response surfaces for the effect of binding agents and core loading 
rates on MC by spray drying 
 
Figure 8.2 shows the response surface for varying core loading and binding agent 
affecting MC. With increased core loading and binding agent rate, there was a 
corresponding increase in MC. However from this current experiment the results show 
that each of the microcapsules have a relatively low MC which varied within the range 
4 - 7%. Similar results were also observed by Quek et al. (2007), from a study of the 
physicochemical properties of spray-dried watermelon powders, in which maltodextrin 
were utilised as wall materials. Based on the regression data as presented in Table 8.2, 
it is noted that MC of microcapsules was also influenced by the interaction of binding 
agent and core loading rates. 
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Table 8.2 Regression coefficients of second-order polynomial models for the 
effect of binding agents and core loading rates on MC responses (in 
coded units) 
 
Factor MC 
 Coefficient P 
Constant 7.5866 0.000 
A 1.1050 0.007 
B 1.0627 0.008 
AA 0.1571 0.640 
BB 0.4045 0.264 
AB -0.1507 0.522 
R2 (%) 96.50 - 
 
Notes 1 A = Core loading rate; B = Binding agent rate 
 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis shows that the core loading rate (P<0.01) and binding agent rate 
(P<0.01) both had a highly significantly affect upon the MC of microcapsules. However 
there is no significant influence of the interaction effect of core loading and binding 
agent rate (P>0.05). The experiments indicate that increasing core loading and binding 
agent rates led to higher MC of microcapsules prepared by spray drying 
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8.5 Response surface for the effects of core loading rate and binding agents on 
aw 
 
In this section, the effects of core loading rate and binding agents on aw are described 
and discussed. The response surfaces for these parameters are shown in Figure 8.3 and 
the corresponding regression coefficients for the variables are tabulated in Table 8.3. 
 
 
 
Figure 8.3 Response surfaces for the effect of binding agents and core loading 
rates on aw by spray drying 
 
The response surface for varying core loading and binding agent affecting aw is 
presented in Figure 8.3 and shows that with increased core loading and binding agent 
rate, there was a corresponding increase in aw. However from this current experiment 
the results show that the microcapsules have relatively low aw values varying within the 
range of 0.06 to 0.2. Effectively this means that each of the spray-dried microcapsule 
preparations will be relatively stable, both microbiologically and also in relation to 
chemical reactions. This means that reactions involving chemical deterioration, 
particularly of water-soluble materials are likely to occur at relatively low rates (Quek et 
al., 2007). 
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Table 8.3 Regression coefficients of second-order polynomial models for the 
effect of binding agents and core loading rates on awresponses (in 
coded units) 
 
Factor aw 
 Coefficient P 
Constant 0.04889   0.055 
A 0.04058   0.018 
B 0.01664   0.149 
AA 0.04258   0.069 
BB 0.01092   0.264 
AB 0.02673   0.517 
R2 (%) 92.92 - 
 
Notes 1 A = Core loading rate; B = Binding agent rate 
 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis demonstrates that the core loading rate (P<0.05) and binding 
agent (P<0.05) rate significantly affected aw of microcapsules. However, in this case 
there is no significant interaction effect of core loading and binding agent rate (P>0.05).  
 
8.6 Ascorbic acid analysis by capillary electrophoresis 
 
In the previous phase of this project, a procedure was evaluated and adopted for analysis 
of AA using CE. For this purpose of the current evaluation of microcapsules prepared 
with rice starch, ALG-LMP, it was necessary to adapt the earlier procedure and 
therefore the results for CE analysis are briefly described. In order to further validate the 
AA analysis method, the calibration approach described in Chapter 7 was re-evaluated 
and lower concentrations were used. These were within range of 0-150 mg/L and a 
typical analytical curve obtained for calibration using standard AA and iso-AA as the 
internal standard is presented in Figure 8.4. Again, excellent linearity and R2 values 
very close to 1.00 were consistently obtained. 
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Figure 8.4 Analytical curve obtained for calibration using standard AA and iso-
AA as the internal standard 
 
Notes 1 The ratio of areas was calculated as the area for the AA peak divided by the peak area for 
the iso-AA internal standard. 
 2 The calibration graph including the equation and correlation coefficient was prepared using 
Microsoft Excel software. 
 
 
Using the extraction procedures and analysis conditions described in materials and 
methods (Chapter 6), good separations of the AA and iso-AA were consistently 
achieved for all samples. An electropherogram of AA extracted from microcapsules 
typical of those obtained for different binding agents and core loading rates is presented 
in Figure 8.5. 
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Figure 8.5  A typical electropherogram of AA extracted from microcapsules with 
different binding agent and core loading rate. 
 
 
8.7 Response surface for the effects of core loading rate and binding agents on 
AA recovery 
 
Response surface for the effects of core loading rate and binding agents on AA recovery 
of microcapsules prepared by spay drying are shown in Figure 8.6 and the regression 
coefficients of the variables are tabulated in Table 8.4 
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Figure 8.6 Response surfaces for the effect of binding agents and core loading 
rates on AA recovery by spray drying 
 
Figure 8.6 shows the response surface for varying core loading and binding agent 
affecting AA retention of microcapsules. In these current trials, AA recovery was very 
high in all cases (all of above 81%) for all combinations and some of the combinations 
were as high as 100% retention. These values are satisfactory compared to the cited 
values by different authors for the spray –drying process (Pierucci et al., 2006). 
 
Table 8.4 Regression coefficients of second-order polynomial models for the 
effect of binding agents and core loading rates on AA 
recoveryresponses (in coded units) 
 
Factor AA recovery 
 Coefficient P 
Constant 97.5328    0.000 
A 7.5233 0.003 
B 1.1405 0.290 
AA -6.5795    0.025 
BB -2.0850    0.268 
AB 0.1644    0.889 
R2 (%) 97.07 - 
 
Notes 1 A = Core loading rate; B = Binding agent rate 
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 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis shows that the core loading rate (P<0.01) rate very significantly 
affected the AA recovery of microcapsules. However there is no significant influence of 
binding agent (P<0.05) and the interaction effect of core loading and binding agent rate 
(P>0.05).  
 
 
8.8 Microstructure morphology using environmental scanning electron 
microscopy 
 
In order to further characterize the microcapsules prepared in the current investigation, 
all capsules prepared by spray drying were evaluated by ESEM particularly in order to 
assess overall shape, the surface appearance as well as the integrity of the capsules and 
any evidence of damage or breakage. It is noted that a large number of images were 
obtained and attention was paid to observing a variety of fields for each capsule 
preparation, with various magnifications utilized. Considerable attention was paid to 
ensuring the representivity of the images selected for presentation here. Within this 
context, the typical appearance of capsules is shown in Figure 8.7. 
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Figure 8.7 ESEM images of microencapsulated AA with rice starch as wall material 
and ALG + LMP as the binding agents at various rates. The pictures 
(clockwise from top left) show   
a) 2% AA and 2% ALG+LMP,  
b) 2% AA and 4% ALG+LMP,  
c) 2% AA and 6% ALG+LMP,  
d) 6% AA and 2% ALG+LMP,  
e) 6% AA and 4% ALG+LMP,  
f) 6% AA and 6% ALG+LMP,  
g) 9% AA and 2% ALG+LMP,  
h) 9% AA and 4% ALG+LMP,  
i) 9% AA and 6% ALG+LMP 
 
   
The ESEM micrographs demonstrate that most of the microcapsules are basically 
spherical in shape. In addition, the surfaces typically appear to be continuous and show 
indentations to varying extents except for picture a) corresponding to 2% AA and 2% 
ALG+LMP formulation. Other researchers have reported that the formation of these 
indentations on the surface of particles obtained by spray drying is usually attributed to 
a) b) c) 
d) 
e) 
f) 
g) 
h) 
i) 
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particle shrinkage due to the drastic loss of moisture when the droplets enter the drying 
chamber, followed by cooling of the particles (Saénz, et al., 2009; Tono, et al., 2008). 
 
The results from current study and the micrographs (Figure 8.7) also support this by 
showing that the surfaces appear to be continuous and there are relatively few 
indentations observed for the capsules with higher rates of incorporation of the binding 
agents. This is important in providing lower permeability to gases, along with enhanced 
protection and core retention. It is noted that similar type of capsular morphology was 
also reported in the studies by Hau (2008). 
 
8.9 Measurement of particle size and distribution by laser diffraction 
 
In order to further understand the properties of the microcapsules, the resultant 
microcapsules were then further characterised with a series of analyses including 
particle size by laser scattering, X-ray diffraction. In these current trials, the data relates 
to varying levels of core loading and binding agent, demonstrating that these affect the 
particle sizes and relative distribution of the microcapsules. The results are presented in 
Figure 8.8. 
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Figure 8.8 The effect of binding agents and core loading rates on particle size 
distribution by spray drying 
 
The capsules had particle size distributions reflecting uniformity and relatively small 
sizes, with a range particle sizes between 5 to 100 μm, predominantly between 30 to 40 
μm. The particles size showed a tendency to increasing diameter with an increase in 
level of binding agents and core loadings. The presence of relatively large particles 
(above 100 μm) can be explained by the occurrence of an incipient agglomeration 
process, where the formation of irreversible bridges leads to the production of particles 
with larger size. 
 
The diameters reflect those that are typically expected when the technique of spray 
drying is used. Spray drying usually produces a fine powder and in some cases further 
processing may be considered by an approach such as agglomeration  (Gharsallaoui et 
al., 2007). Moreover, the range of diameters expected for microcapsules produced by 
common spray dryers is 5-150 μm (Favaro et al., 2010) 
 
For comparative purposes it is noted that the sizes found here are similar in size range to 
those of typical milled wheat flour used in bread-making and other food processing 
applications (Hayes, 1987). This size provides a series of significant advantages in the 
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use of the resultant microcapsules in the formulation of foods. The fineness, as well as 
the shape and lack of angularity ensure that there will be no adverse impact on sensory 
attributes of the food product. The fine particles cannot be discerned as “gritty or 
sandy”. A further aspect of the size is that this will facilitate the uniform distribution of 
the active agent within the food product. Large particle sizes will tend to give a less 
uniform distribution, affect food texture and have poor dispersibility in finished 
products (Favaro et al., 2010). 
 
Furthermore, the presence of large particles may also be undesirable in most foods, 
including sweetened condensed milk, ice cream and chocolate in which the threshold of 
size detection is between 10 and 50 μm (Imai et al., 1999). In addition, another report 
Teixeira et al, 2004) demonstrated smooth surfaces and homogenous size distributions 
for microcapsules containing 5% of maltodextrin and mixtures of 5% GA with 
maltodextrin present. These were considered to be optimal for applications in the food 
industry due to the flow-ability properties of the resultant powders. The features of 
homogenous distribution of diameters in microcapsules may give a uniform distribution 
of flavours in food products. 
 
8.10 General discussion and summary of  the effects of varying hydrocolloids 
proportions on encapsulation of AA by spray drying 
 
In summary, varying core loading and binding agents microcapsules ratio to wall 
materials affected the characteristics of the microcapsules. Results showed that 
microcapsules retain a good structure and integrity when the core loading rates were in 
designed models which were within the range of 2-9% and binding agents 2-6 % of total 
solids content and had a high recovery of yield retention of AA and low of MC and aw. 
Based on the response surface analysis, the optimal combination of hydrocolloid 
formulations were 4% binding agent, 87%  rice starch as wall material and 9% AA as 
core loading material. These are based on their highest yield and AA recovery and have 
a low of MC and aw. These results form the basis for further studies and discussion in 
the following chapters. 
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Chapter 9 
 
Results and discussion: The optimization of processing 
condition for microencapsulation by spray drying 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained for the 
optimization of spray drying process condition. This encompasses selection and 
validation of a suitable method, experiment design and its application to a study of 
optimal process condition of encapsulated AA by spray drying. 
 
9.1  Introduction 
 
Optimal spray-drying conditions must be well controlled in order to achieve good 
microencapsulation efficiency and properties. The main factors in spray-drying that 
must be optimized are feed flowrate, air inlet temperature, and air outlet temperature. 
Thus, spray drying might be considered as an art than science because there are many 
factors to optimise and the complexity of the heat and mass transfer phenomena that 
take place during microencapsulate formation (Gharsallaoui et al., 2007; Liu, et al., 
2004). Furthermore, Gharsallaoui et al., (2007) for microencapsulation has described the 
main factors to be considered when using spray drying methods are optimizing the 
process condition which are feed temperature, air inlet and outlet temperature (Fogler, et 
al., 1938; Gharsallaoui et al., 2007; Liu et al., 2004; Zakarian et al., 1982; Zbicinski., 
2002. Despite the main advantages of spray drying, this process condition have to be 
considered to avoid difficulties such as low yields, high moisture content which often 
encountered with laboratory scale spray dyers (Billon et al., 2000; Masters, 1991). 
 
Therefore, the objective of this phase of the study has been focused to optimize the 
operating processing conditions to maximize production yields, AA retention while 
minimizing aw and moisture content. The optimal operating conditions have been 
estimated by response surface methodology. For this, central composite designs were 
used and these showed quadratic models were adequate. Process yield, AA retention, 
MC and aw were analysed as responses. The effect of inlet air temperature and feed 
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flow rate on encapsulated AA morphology and particle size distribution was also 
evaluated. 
 
9.2 Experimental design  
 
An experimental design is a method of planning or strategy used to test the hypothesis 
and answer research questions in a systematic way. The aims of establishing an 
experimental design is to control extraneous variation and ensure that data can be 
statistically analysed in valid ways. The development of experimental design is 
normally conducted prior to the commencement of any experiments. The duration of 
optimisation study using suitable experimental design can be much shorter compared to 
a one-at-a-time optimisation technique. The optimisation study can potentially to be a 
few days to complete instead of months when individual parameters are each optimised, 
with the latter approach arguably not as rigorous. It is a cost-effective way of obtaining 
maximum amount of information in a short period of time with the least number of 
experiments (Morgan, 1991). Furthermore, statistically designed experiments as they 
allow the evaluation of both the different factors and their interaction (Broadhead et al., 
1992). 
 
Central composite design (CCD) is a particularly useful experimental design due to its 
ability to build a second order (quadratic) model for the response variable without a 
need to develop a three-level factorial experiment. The second order model is important 
for the construction of a three dimensional response surface diagram. In addition, this 
approach also considers the interaction effect between two or more variables at any one 
time and this helps in the effective assessment of the research questions.  CCD is set up 
in such a way that maximum information can also be obtained from a minimum number 
of experiments. The results from each experiment can be used to obtain regression 
models from which optimum settings may be predicted (Daali et al., 1999; Morgan, 
1991). 
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A three-dimensional response surface is typically created from the response surface 
designs, providing a visual representation of the effects of two factors on the responses. 
The response surface design is a polynomial model where the “surface” is represented 
mathematically. These plots can supply a graphical representation of the data over the 
ranges observed and can be used to forecast areas of most favorable performance. The 
central composite face-centered (CCF), along with the multi-linear regression, can 
estimate the main effects b1, two way interactions b12, and the second order effects b12 
(Goupy, 2005). Coefficients of the polynomial equation can be determined by 
regression analysis (see equation 1).  
Equation 1  
 
Y = bo + b1x1 + ….+ bnxn + b12x1x2 +…+ bn-1,nxn-1xn + b11x12 +….+ bmnxn2….Eq 
 
Where: 
b0   : the intercept 
b1 to bn  : the main effect coefficients  
b12 to bm,n  : the two way interaction coefficients 
b11 to bnn  : the second order coefficients 
 
Therefore, based on the advantages outlined here, it was decided that CCF would be 
adopted for the experimental design for most of the remaining experimental phases 
described in this thesis. In the following sections, the application of this approach to the 
investigation of the optimum conditions of the pray drying. 
 
In spray drying processes, the main factors affecting the microcapsules produced 
include inlet and outlet air temperature and feed flowrate. These factors will affect the 
quality and characteristics of the resultant microcapsules. Thus, in this study two face-
centred experimental designs are employed for the optimisation of inlet air temperature 
and feed flowrate of spray dryer. In each case the response variable is the process yield 
and MC. The results were analysed by using Minitab for Windows version 14 (Minitab 
Inc., State College, PA, USA). The models generated to represent the responses were 
evaluated in terms of their F-ratio and R2 coefficient. The effects of the independent 
variables on the physical properties of the microcapsules were studied and conditions 
were established which produced a high quality of the resultant microcapsules.  
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The runs were carried out in a random order. The levels of the significant factors used in 
the face centred design of sprayer drying operation condition are shown in Table 9.1. 
The range of values used for inlet air temperature and feed flowrate were adopted from 
previous studies (Hau, 2008; Wijaya et al., 2011). Five centre points corresponding 
to100 °C and 10.5 mL/min were produced to evaluate the validity of the model. 
 
Table 9.1 Levels of the processing variables used in the face centered CCD for 
optimization of spray drying process 
 
Coded value Actual value 
 Inlet air temperature (°C) Feed flowrate (mL/min) 
-1 80 7 
0 100 10.5 
+1 120 14 
 
 
9.3  Preparation of hydrocolloids for spray drying 
 
Preliminary experiments were carried out to establish appropriate ranges for the 
processing. The range used for inlet temperature and feed flow rate were chosen from 
previous studies (Hau, 2008; Wijaya et al., 2011) and also based on trial and error in the 
use of the spray dryer in order to produce suitable microcapsules. At inlet temperature 
above 120 °C it was not possible to produce the good microcapsules and at flow rates 
above of 14 mL/min for flow rate has given very low yields of microcapsules. In some 
preliminary experiments, especially for the inlet temperature above 140 °C and feed 
flow rate above 14 mL/min the operating conditions resulted in very low yields due to 
large amounts of materials sticking inside the drying chamber. The resulting products 
cannot be recovered and effective particle drying is not achieved. It was decided that the 
high level for feed rate would be the maximum rate that could be used without 
condensation appearing in the drying chamber. 
 
In this current experiment, the best combination of hydrocolloid formulations 
established in the work reported in Chapter 8 were chosen (4% binding agents, 87% 
rice starch as wall material and 9% AA as core loading material). Using these, a further 
investigation of optimum spray drying processing conditions was carried out. 
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For this trials, 4% of binding agents ALG and LMP (1:1) were combined with rice 
starch (RS) (87 g) and dissolved in distilled water. The preparation was then continued 
with each of the solutions of wall materials being combined as required, depending on 
the blend for the particular trial. In each case the combination was prepared to give a 
level of total solid material corresponding to approximately 20% (w/v) in the water.  
 
9.4  Response surface analysis 
  
The literature review chapters have established that inlet air temperature and feed 
flowrate are important factors in spray draying process (Gharsallaoui et al., 2007; Liu et 
al., 2004; Zakarian & King, 1982; Zbicinski et al., 2002). The experiments were 
intended to investigate the optimum inlet air temperature and feed flow rate along with 
the impact to these response parameters. 
 
9.4.1  Response surface for the effect of inlet air temperature and feed flow 
rate on yield by spray drying 
 
The response surface obtained for the effect of inlet air temperature and feed flowrate 
on yield during spray drying are shown in Figure 9.1 and the regression coefficients of 
the variables are tabulated in Table 9.2 
 
 
Figure 9.1 Response surface for the effect of inlet air temperature and feed flow 
rate on yield  
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From Figure 9.1 it can be seen that both inlet air temperature and feed flow rate have 
affected yield microcapsules. Increasing inlet air temperature and lower feed flow rates 
led to higher process yield. The trial combination of inlet air temperature 120 °C and 
feed flowrate 7 mL/min has given the highest yield. The graph shows that yields can be 
increased considerably by reducing feed rate and increasing the inlet temperature. High 
feed rate requires more thermal energy to ensure the effective evaporation of the 
solvent, the energy for which is supplied by inlet air temperature.  
 
Table 9.2 Regression coefficients of second-order polynomial models for the effect 
of inlet air temperature and feed flow rate on yield by spray drying (in 
coded units)  
 
Factor Yield 
 Coefficient P 
Constant 89.8786 0.000 
A 4.3183     0.018 
B -3.8500     0.029 
AA -3.7402     0.114 
BB -0.7552     0.726 
AB -1.7375     0.0346 
R2 (%) 76.33   - 
 
Notes 1 A = Inlet air temperature ; B = Feed flowrate rate 
 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis shows that the inlet air temperature rate (P<0.05) and feed 
flowrate (P<0.05) rate significantly affected yield of microcapsules by spray drying. 
There is also a significant interaction effect of inlet air temperature rate and feed 
flowrate (P<0.05).   
 
In microencapsulation technique, a yield is a key factor has to be considered. The yield 
of microcapsules by spray drying depend upon the experimental design conditions (inlet 
temperature and flow rate) (Desai & Park, 2005). In the present experimental 
conditions, yield of encapsulated AA with varying inlet temperatures and flowrate has 
influenced of yield.  
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In general, during these experiments and within the ranges of the parameters trialled, the 
product yields were within the range of 77-96%. These are considered to be quite 
satisfaction, the powder was easily recovered and spray dried product appeared as fine, 
well separated, dry particles. In most cases there was also a small amount of residual 
material remaining inside the chamber after the spray drying run. The minor loss of 
product can be explained by slight sticking on the chamber walls and the possible loss 
of very fine particles which are not dissociated from the air by the cyclone separator.  
 
These results also demonstrate that parameters evaluated by the response surface 
methodology concerning formulation and spray-dryer are very convenient, with well 
controlled operating conditions; spray drying technique can produce microcapsules with 
high yield and quality. Further evaluation of product characteristics will be discussed in 
SEM section (section 9.6). 
 
9.4.2  Response surface for the effect of inlet air temperature and feed flow rate 
on AA recovery by spray drying 
 
Response surfaces for the effect of inlet air temperature and feed flowrate on AA 
recovery of spray drying are shown in Figure 9.2 and the regression coefficients of the 
variables are tabulated in Table 9.3. 
 
Figure 9.2 Response surface for the effect of inlet air temperature and feed flow 
rate on AA recovery by spray drying 
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From Figure 9.2 the influence of inlet air temperature and feed flow rate on AA 
recovery of spraying process can be observed. This response was primarily influenced 
by inlet temperature, with increasing inlet temperatures as well as lower feed flow rates 
leading to higher AA recovery. However higher inlet temperature and feed flowrate also 
resulted in lower AA recovery.  
Table 9.3 Regression coefficients of second-order polynomial models for the effect 
of inlet air temperature and feed flow rate on AA recovery (in coded 
units)  
 
Factor AA recovery 
 Coefficient P 
Constant 98.0272     0.000 
A 4.3567     0.004 
B -0.1100     0.917 
AA -2.7903     0.105 
BB -1.6903     0.297 
AB 1.5575     0.252 
R2 (%) 79.60 - 
 
Notes 1 A = Inlet air temperature ; B = Feed flowrate rate 
 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis shows that the inlet air temperature rate (P<0.01) has a highly 
significant effect on AA recovery of microcapsules by spray drying. However, There is 
no significant effect of feed flowrate nor is there an interaction effect of these two 
variables (P>0.05). 
 
Previous research demonstrating of losses during spray drying of encapsulated active 
ingredients as a result of process conditions including temperature feed flowrate, 
examples include Billon et al., (2000) who developed of spray-dried acetaminophen 
micro particles. Similarly Frascareli et al., (2012) studied encapsulation of coffee oil, 
Tonon et al., (2008) investigated process conditions and physicochemical properties of 
acai powder, and Tonon et.al, (2011) investigated microencapsulation of flaxseed oil. 
From the current trials, the combination of inlet temperature of 120 °C and flow rate of 
7 mL/min have given highest AA recovery of microcapsules. 
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9.4.3  Response surface for the effect of inlet air temperature and feed flow rate 
on moisture content by spray drying 
 
Response surfaces for the effect of inlet air temperature and feed flowrate on MC of 
spray drying are shown in Figure 9.3 and the regression coefficients of the variables are 
tabulated in Table 9.4 
 
 
 
Figure 9.3 Response surface for the effect of inlet air temperature and feed flow 
rate on moisture content by spray drying 
 
The influence of inlet air temperature and feed flow rate on MC of spraying process is 
seen in Figure 9.3. This response pattern was influenced by these two independent 
factors; lowering feed flow rates and inlet air temperature led to higher MC of 
microcapsules and as a result the MC of microcapsules varied in the range of 4-9 %.  
 
There was a trend for higher inlet air temperatures to give lower MC of the 
microcapsules. When the temperature was lower higher of MC was observed. An 
increase of feed flowrate, especially at low inlet temperature leads to higher MC. With 
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low inlet temperature and high feed flow rates, the evaporation of water is difficult due 
to the hydrophilic properties of the hydrocolloids. The resultant microcapsule 
preparations were difficult to recover and were agglomerated and sticky. A higher inlet 
temperature promotes a decrease of residual moisture by enhancing water evaporation. 
 
From the observations made during the experiment all trials, it was found that high MC 
were associated with low outlet temperatures. Billon et al., (2000) reported that the 
drying temperature difference (inlet temperature-outlet temperature) represents the heat 
required to produce dried particles. A diminution of outlet temperature indicates that the 
thermal energy supplied by inlet temperature is not sufficient to allow complete drying. 
In these cases, sticking occurs in the drying chamber. Previous studies have reported 
that the optimal adjustment of the inlet temperature and feed rate is a key factor for 
success in spray drying. This is because inlet temperature is directly proportional to the 
microcapsule drying rate and final water content (Fogler et al., 1938; Gharsallaoui et al., 
2007; Liu et al., 2004; Zakarian et al., 1982; Zbicinski et al., 2002) 
 
Table 9.4 Regression coefficients of second-order polynomial models for the effect 
of inlet air temperature and feed flow rate on moisture content (in 
coded units)  
 
Factor Moisture content 
 Coefficient P 
Constant 6.51716    0.000 
A -1.69548    0.015 
B 0.03170    0.954 
AA 0.57399    0.483 
BB -0.28746    0.722 
AB 0.35500    0.599 
R2 (%) 71.62 - 
 
Notes 1 A = Inlet air temperature ; B = Feed flowrate rate 
 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis shows that the inlet air temperature rate (P<0.05) significantly 
affected MC of microcapsules by spray drying. However, there is no significant effect 
of feed flowrate nor an interaction effect (P>0.05). 
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9.4.4  Response surface for the effect of inlet air temperature and feed flow rate 
on aw by spray drying 
 
The response surfaces demonstrating the effect of inlet air temperature and feed 
flowrate on aw of microcapsules is shown in Figure 9.4 and the corresponding 
regression coefficients of the variables are presented in Table 9.5 
 
 
 
Figure 9.4 Response surface for the effect of inlet air temperature and feed flow 
rate on aw  
 
The influence of inlet air temperature prepared and feed flow rate of spray drying 
process on aw of microcapsules can be seen in Figure 9.4. This response was 
influenced by these two independent factors. Lowering inlet air temperature and feed 
flow rates led to higher aw values and there was a trend for higher inlet air temperature 
to be associated with lower aw value of microcapsules. However from this current trials 
the results show that each of the microcapsule preparations have relatively low aw 
values varying within the range of 0.06 to 0.2. The similar type of effect of process 
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condition of spray drying affecting aw of resultant microcapsules have been reported by 
Quek et al., (2007) in an investigation of the physiccochemical properties of spray-dried 
watermelon powders. 
 
Table 9.5 Regression coefficients of the second-order polynomial model for the 
effect of inlet air temperature and feed flow rate on aw (in coded units)  
 
 
Factor aw 
 Coefficient P 
Constant 0.048192   0.001 
A -0.041067   0.003 
B -0.025647   0.029 
AA 0.060029   0.003 
BB 0.001769   0.901 
AB 0.017000   0.181 
R2 (%) 88.11 - 
 
Notes 1 A = Inlet air temperature ; B = Feed flowrate rate 
 2 P* is the probability that Ho (null hypothesis) is true, i.e. coefficient is not significant 
 
The regression analysis shows that the inlet air temperature rate (P<0.01) has a highly 
significant effect while feed flowrate rate (P<0.05) significantly affected aw of 
microcapsules. However, there is no significant interaction effect of inlet air 
temperature rate and feed flowrate (P>0.05).  
 
9.5  Microstructure morphology using environmental scanning electron 
microscopy 
 
All capsules prepared by spray drying were evaluated by ESEM particularly in order to 
assess overall shape, the surface appearance as well as the integrity of the capsules and 
any evidence of damage or breakage. The typical appearance of capsules is shown in 
Figure 9.5. 
 
Each of the resulting powders had particles of various sizes and the ESEM micrographs 
also demonstrate that most of the microcapsules are basically spherical in shape. The 
surfaces appear to be continuous and show indentations to varying extents.  
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The previous reports have mentioned that indentation and roughness of the surface was 
more prevalent in small particles than in those with larger diameters, indicating that 
solidification of the shell happened prior to expansion of the microcapsules. This could 
be attributed to the effects of drying rates. High rates, which are associated with small 
particles, usually lead to rapid wall solidification and therefore dent smoothing cannot 
occur. Furthermore, thermal expansion of air or vapour inside particles during drying 
can smooth the dents. The occurrence of dent smoothing is dependent on the drying rate 
and on the viscoelastic properties of the wall matrix. Expansion and smoothing of dents 
can occur only prior to solidification of the matrix when the wall material is sufficiently 
elastic to enable such structural changes (Rosenberg et al., 1996; Teixeira et al., 2004; 
Wijaya et al., 2011). 
 
9.6  Measurement of particle size and distribution by laser diffraction 
 
The resultant microcapsules were then further characterised with analyses of particle 
size by a laser scattering technique. The results are summarised in Figure 9.6. The 
capsules had particle size distributions reflecting uniformity and relatively small sizes, 
with a range in particle sizes between 5 to 90 μm, predominantly between 30 to 40 μm. 
The particles size showed a tendency to increasing diameter with lower inlet air 
temperatures and higher feed flow rates. 
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(a) 80°C, 7 mL/min;  
(b) 80°C, 7 mL/min  
 
 
 
 
 
 
 
 
(c) 80°C, 14 mL/min; 
(d) 80°C, 14 mL/min  
 
 
 
 
 
 
 
 
(e) 100°C, 10.5 mL/min; 
(f) 100°C, 10.5 mL/min 
 
 
 
 
 
 
 
 
(g) 120°C, 7 mL/min;  
(h) 120°C, 7 mL/min 
 
 
 
 
 
 
 
 
(i) 120°C, 14 mL/min; 
(j) 120°C, 14 mL/min 
 
Figure 9.5 ESEM images of microencapsulated AA at various inlet air 
temperature, feed flow rate and magnifications. Left hand images 
500×; right hand images 4000×. 
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Figure 9.6 The effect of inlet air temperatures and feed flow rates for 
encapsulated AA on particle size distribution 
 
 
There have been some previous studies related to the effects of encapsulating agents as 
well as feed concentration on particle size distribution. Loksuwan (2007) found that 
microcapsules incorporating acid modified tapioca starch had wider particle size 
distribution, but the diameters were smaller, as compared to those prepared using the 
corresponding native starch and also maltodextrin. The larger powder particle sizes 
found for maltodextrin might be explained by agglomeration or caking of powder 
particles. Another group of researchers also noted that the type and proportion of 
material wall used in the microcapsules affected particle size distribution. The median 
diameters of microcapsules containing only maltodextrin were larger than those 
containing either GA or a mixture of GA and maltodextrin. Increasing the concentration 
of maltodextrin and also GA in the feed solution resulted in an increase in microcapsule 
diameter (Teixeira et al., 2004). Tonon et al., (2008) also demonstrated that higher 
maltodextrin concentrations led to the production of larger particles. This probably 
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reflects changes in the viscosity of the feed material, which increased exponentially 
with maltodextrin concentration. 
 
Furthermore, in another study it was found that wall or skin thickness of the fully-dried 
semi-instant skimmed milk prepared using a feed material of 30% (w/w) appeared to be 
thicker as well as having increased overall particle diameters than those dried from a 
feed concentration of 15% (w/w). This observation may be explained by the drying 
behaviour of the skimmed milk having different feed concentrations. It was found that 
the initial evaporation periods were considerably shorter and cycles of particle inflation, 
rupture and collapse appeared to be less exaggerated (Walton & Mumford, 2000).  
 
Finally, in summary, the results obtained in the current study show that the 
microencapsulated AA preparations consist of relatively small particles and these are of 
relatively uniform size. The data demonstrates the effect that individual hydrocolloids 
agents might exert on the particle size of spray dried microcapsules. 
 
9.7 General discussion and summary of results of  the optimization of spray 
drying process condition 
 
It is useful to develop the experimental factorial designs before commencing different 
production runs to determine the values of the parameters to be used for the 
optimization of the spray-drying process. For the current trials, the combination of 120 
°C inlet temperature and 7 mL/min feed flow rate gave the optimal the results, showing 
highest AA recovery with low MC and aw. The micrographs of the resulting 
microcapsules showed particles of varying sizes, consistent with the results obtained for 
analyses of particle size distribution using laser scattering. The results have 
demonstrated the importance and potential of controlling of processing variables; inlet 
air temperature and feed flowrate during spray drying to enhance AA retention, yield 
and for production of microcapsules with low MC and aw. The results also 
demonstrated that AA recovery/retention, MC, aw and yield were influenced positively 
by increasing inlet air temperature and negatively as feed flow rate were decreased.  
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Chapter 10 
 
Results and discussion: The incorporation of encapsulated AA 
into white bread loafs  
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
incorporation of encapsulated AA into white bread loafs formulation. These encompass 
the bread preparation, calculation of capsule incorporated, validation of the analytical 
method, along with results loading rates of encapsulated AA incorporated into bread 
formulation on recovery of AA during different steps of the bread making process. 
 
10.1  Introduction 
 
Based upon a thorough reviews of the literature (Chapter 2 and 4), vitamins are added 
to a range of food products for the following reasons: to replace those that are lost 
during processing and storage, to meet special nutritional needs and to prevent disease 
in specific consumers or at-risk groups. Traditionally, higher levels than those required 
in the end product have been added in order to overcome losses during processing and 
storage. A term sometimes used to describe the incorporation of higher levels than those 
apparently required is “overage” and it may be possible to avoid overages by using 
microencapsulated forms of vitamins (Sanguansri & Augustin, 2010). It has been 
reported by Bui et al, (2013) that when vitamin intakes would otherwise be too low-
possible reasons include naturally low levels, processing losses, poor access to good 
nutrition, special needs-it may be appropriate to provide vitamins in supplements or 
through fortification. Incorporation of AA is also permitted in most countries and this is 
also commonly used as an antioxidant  
 
In relation to AA, as well as functioning as an essential nutrient, this component is also 
used as an antioxidant in the processing of many foods, including bakery products. 
Addition of AA as a nutrient in white pan bread has not been successful. More than 
50% of AA was lost in the process of making fortified bread and almost no AA 
remained after storage of the resultant loaves at 25°C for 7 days (Hung, Seib, & 
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Kramer, 1987). Wang, Seib, & Ra (1995) studied L-ascorbic acid and its 2-
phosphorylated derivatives fortified into a bread formulation along with its antioxidant 
properties and found that in low- or medium-moisture foods that contained phosphatase, 
L-ascorbate 2-phosphate gave enhanced retention of vitamin C. 
 
A new approach of fortification of ingredients into bakery products is 
microencapsulation technology. This technology has the potential to provide protection 
for ingredients, at least until such as time as the temperature rises during baking in the 
oven. This approach might allow the yeast to be protected from the impact of selected 
ingredients, or alternatively, prevent yeast from metabolising particular materials, 
thereby ensuring their presence in the final baked product (Sanguansri & Augustin, 
2010). Furthermore, one of the most important reasons for encapsulation of active 
ingredients is to provide enhanced stability during processing as well as in the final 
products (Nedovic, Kalusevic, Manojlovic, Levic, & Bugarski, 2011).  
 
There are very few previous reports available in which the effect of AA and 
encapsulated AA on the quality of foods is discussed. Tsonis, (1994) found that AA 
coated with glyceryl monostearate had a positive effective on bread volume, improved 
crumb structure, increased initial softness and a reduction in subsequent staling rate was 
also documented (Tsonis, 1994). Al-Widyan (2005) has investigated the incorporation 
of various encapsulated food acids including AA into both loaf and Arabic breads and 
has reported a positive effect on the quality of the resultant products (Al-Widyan, 2005). 
Park, Seib, & Chung (1997) fortified white bread with a preparation of AA coated with 
fat. Their research showed that practically no AA remained as a result of low level 
fortification in freshly baked bread. Up to date, no systematic study and data has been 
reported on the stability of microencapsulated AA produced by spray drying, in bakery 
products. 
 
The purpose of this current study has been focused upon a study of the different wall 
materials and loading rates of encapsulated AA incorporated into a bread formulation, 
on recovery of AA at different stages of the bread making process. The processing steps 
considered here involved the initial mixing stage, dough proving as well as following 
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baking. AA retention and MC during each step of the bread making process were 
analysed as the responses and morphology of encapsulated AA was also evaluated. 
 
10.2  Evaluation and study of microcapsules by spray drying 
 
The procedures for preparation of microcapsules by spray drying method are those 
described in Section 6.7 of Chapter 6. 
 
10.3  Evaluation and study of preparation of white loaf bread sample  
 
Loaves were prepared following a method based upon that described by the Bread 
Research Institute of Australia (BRIA) (1989) and have been modify to meet the 
research purposes. The basic formulation used and preparation were described in 
Section 6.10 in Chapter 6. On the basis of the issues described, a series of trials was 
designed with objectives to determine the retention of AA during initial mixing stage, 
dough proving and baking. MC of the products has also been investigated. 
 
In the current trials, for analysis purposes samples were taken to represent the initial 
dough mixing stage, dough proving and after baking and the specific times selected 
were 5 minutes as well as 1.00 and 1.55 hours (1 cycle) respectively. This pattern was 
based on observations made during the current experiments and relate to the particular 
Panasonic bread maker used for the trials. The ingredients were uniformly mixed and 
the water incorporated within 5 minutes, whilst it was estimated that dough 
development was effectively completed after 1hour. Examples of products obtained 
during initial mixing stage, dough proving and baking are presented in Figure 10.1. 
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Initial dough mixing Dough proving 
 
 
After baking  
 
Figure 10.1 The appearance of samples at different steps in the bread making 
process, when sub-sampling occurred 
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10.4  Incorporation of encapsulated AA into bread  
 
In order to investigate the effect of incorporation of encapsulated AA into bread, two 
types of microcapsules were produced; first, AA encapsulated with F30+Instant MAPS 
and second, AA encapsulated with rice starch+LMP_ALG as wall materials were 
further investigated to incorporation in bread formulation. For the first microcapsules 
formulation ;F30+Instant MAPS, initially, the amount of AA added were 25% RDI, 
based on the reference quantity of max claim of AA in bread, which is 10 mg/50 g, 
therefore for 1 bread serving (382.9 g) needed  was 76.58 mg  of AA. However, no AA 
remains from all microcapsules extracted from freshly baked bread with those 
formulations (25% RDI), and then the amount of AA added was increased into 100% 
RDI. Microcapsules levels incorporated into bread formulation were shown in Table 
10.1 Examples of products obtained are presented in Figure 10.2. 
 
Table 10.1 Level of loading rate of incorporation  encapsulated AA into bread 
formulation 
% of Loading rate 
encapsulated AA 
AA 
(Unencapsulated) 
6 9 12 18 
Amounts of capsules added 
(g) 
0.3063 5.1053 3.4036 2.5527 1.7018 
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Unencapsulated AA 6% loading rate 
  
9% loading rate 18% loading rate 
Figure 10.2 The impact of loading rate of incorporation encapsulated with 
F30+Instant MAPS and unencapsulated into bread showing internal 
features 
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From Figure 10.2 demonstrates the impact of incorporation unencapsulated and 
encapsulated AA with F30+Instant MAPS at various loading rates into bread showing 
internal features which did not adversely changed quality of bread immediately after 
baking. Both of unencapsulated AA and encapsulated AA has a similar appearance. 
Similar type of bread internal features has been report by Gökmen et al., (2011) 
development of functional bread containing nanoencapsulated omega-3 fatty acids. The 
authors reported that incorporation of that microcapsules did not affecting sensorial 
properties of bread products in addition to that, incorporation of nanoencapsulated flax 
seed oil increased final product quality and safety by lowering lipid oxidation and 
formation of harmful Maillard reaction in breads during baking.  
 
For the second microcapsules formulation; AA encapsulated with rice starch+LMP-
ALG, the amount of AA added were 50% RDI the formulation and calculation of 
encapsulated AA incorporated into bread formulation were shown in Table 2.  
Examples of products obtained are presented in Figure 10.3. 
 
Table 10.2 Level of loading rate of incorporation  encapsulated AA into bread 
formulation 
% of Loading rate 
encapsulated AA 
AA 
(unencapsulated) 
2 6  9  
Amounts of 
capsules added (g) 0.1532 7.6580 2.5527 1.7018  
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Unencapsulated AA 2% loading rate 
  
6% loading rate 9% loading rate 
Figure 10.3 The impact of loading rate of incorporation encapsulated with 
Rice starch+ ALG-LMP and unencapsulated AA into bread 
showing internal features 
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From Figure 10.3 show the impact of loading rate of incorporation encapsulated and 
unencapsulated AA with rice starch and ALG-LMP as wall materials into bread which 
there is relatively little corresponding impact upon internal features of the loaf breads. 
Both of unencapsulated AA and encapsulated AA has a similar appearance. It has been 
reported that the process parameters like dough mixing duration and fermentation 
temperature have a significant on rheological and baking properties (Sai Manohar & 
Haridas Rao, 1997). 
 
10.5 AA recovery during bread making process (Microcapsules produced 
from hydrocolloids of F30+instant MAPS) 
 
 
10.5.1 Initial dough mixing stage 
 
Dough mixing stage is an important process parameter during bread making process. 
The results of incorporation of encapsulated AA into bread formulation during initial 
mixing are shown in Figure 10.4. 
 
 
 
Figure 10.4 The impact of loading rate of incorporation encapsulated and 
unencapsulated AA into bread formulation on recovery of AA 
during initial dough mixing stage 
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In general, Figure 10.4 demonstrates that for all combinations of encapsulated and 
unencapsulated AA have a quite low recovery of AA which is less than 50%. The 
incorporation of encapsulated AA resulted in increased concentration of AA 
immediately after this initial dough mixing stage, compared with unencapsulated AA. 
The results also demonstrates that within loading rate range the impact of loading rate 
of incorporation encapsulate AA into bread formulation during initial dough mixing 
stage have a minor influence on recovery of AA which is a varied within range 39-42%. 
Initial mixing stage is the first step in brad making processing and it has been reported 
that dough mixing is a very important stage and has critical impact on bread quality 
(Scanlon & Zghal, 2001). 
 
10.5.2 Dough proving 
 
The results of incorporation of encapsulated AA into bread formulation during dough 
proving are shown in Figure 10.5. 
 
 
Figure 10.5 The impact of loading rate of incorporation encapsulated and 
unencapsulated AA into bread formulation on recovery of AA during 
dough proving 
 
 
From Figure 10.5 it can be seen the impact of loading rate of incorporation encapsulate 
AA into bread formulation on recovery of AA during dough proving. The graph shows 
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there was relatively little corresponding impact loading rates upon recovery of AA 
during dough proving stage of bread making process. The result demonstrates, 
unencapsulated and AA encapsulated with different loading materials has a low AA 
recovery for all combinations. It shows only varied within range 38-40% during dough 
proving of bread making process. It is has been reported  that proving is the heart of the 
bread making process; it is the very important link between mixing and baking 
(Chiotellis & Campbell, 2003). The amount of energy used during mixing influences 
the bubble size distribution in the dough. Bubble size is important as it influences 
bubble growth during the proving stage and hence the texture of the final product 
(Mills, Wilde, Salt, & Skeggs, 2003). 
 
10.5.3 Baking  
 
`The results of incorporation of encapsulated AA into bread formulation after baking is 
presented in Figure 10.6 
 
 
 
Figure 10.6 The impact of loading rate of incorporation encapsulated and 
unencapsulated AA into bread formulation on recovery of AA after 
baking 
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The results demonstrate that the impact of loading rate of incorporation encapsulate AA 
into bread formulation on recovery of AA after baking. The figure also shows that 
increasing loading rate of encapsulated AA tend to give higher recovery of AA after 
baking in within range of 6-18%. From the data also indicates (Figure 10.6) that 
unencapsulated has no AA remaining after baking, similar type of losses have been 
reported by Park, Seib, & Chung (1997) that 23% of AA was destroyed during baking 
step and much more degraded during seven days of bread storage at room temperature.  
 
In general, the impact of loading rate incorporation encapsulated AA into bread 
formulation on recovery of AA during initial mixing, dough and after is presented in 
Figure 10.7 
 
 
 
Figure 10.7 The impact of loading rate of incorporation  encapsulated AA into 
bread formulation on recovery of AA during initial mixing stage, 
dough proving and after baking 
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10.6 Measurement of moisture content  
 
In order to further characterise the incorporation encapsulated AA during bread making 
process prepared in the current investigation, MC of the bread have been determined. 
MC of bread from incorporation encapsulated AA with F30+Instant MAPS 
hydrocolloids are shown in Figure 10.8. MC of bread varied within range 31-44 %. 
There was a trend for higher AA loading rates to give higher MC of the bread.  
 
Figure 10.8. The impact of loading rate of incorporation encapsulated AA into 
bread formulation on bread moisture content with F30+Instant 
MAPS hydrocolloids 
 
When dough is exposed to a high temperature in an oven, the temperature of the dough 
surface rises and water from the outer layer evaporates. The MC of bread dough will 
thus change with time during baking and the crust will contain less water than the 
interior, i.e. the crumb. The temperatures in the crust and in the crumb are also quite 
different. Depending on the oven conditions, the crust can reach a temperature of nearly 
200°C. The final temperature in the crumb, however, does not exceed 100°C (Rask, 
1989). 
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10.7 AA recovery during bread making process (Microcapsules produced from 
hydrocolloids of rice starch+ALG+LMP) 
 
 
10.7.1 Initial dough mixing stage 
 
The result of incorporation of encapsulated AA into bread formulation during initial 
mixing stage is presented in Figure 10.9. 
 
 
 
 
Figure 10.9. The impact of loading rate of incorporation encapsulated and 
unencapsulated AA into bread formulation on recovery of AA during 
initial mixing stage 
 
The results from Figure 10.9 shows the recovery of three combinations loading rates of 
AA with Rice starch+ALG+LMP as wall materials has been successful at protecting 
AA. The results demonstrates that the impact of loading rate of incorporation 
encapsulate AA into bread formulation on recovery of AA during initial mixing stage 
varied within range 90-100%. However, as expected for unencapsulated AA has a 
relatively very low recovery which is below 40%. 
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10.7.2 Dough proving 
 
 
The results of incorporation of encapsulated AA into bread formulation during dough 
proving is presented in Figure 10.10 
 
 
Figure 10.10 The impact of loading rate of incorporation encapsulated and 
unencapsulated AA into bread formulation on recovery of AA during 
dough proving 
 
 
The data from Figure 10.10 shows for all combinations of encapsulated AA have 
relatively high recovery of AA which is more than 90%. The results demonstrates that 
the impact of loading rate of incorporation encapsulate AA into bread formulation on 
recovery of AA during initial mixing stage varied within range 90-95%.  
 
10.7.3 Baking 
 
The results of incorporation of encapsulated AA into bread formulation after baking are 
shown in Figure 10.11 
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Figure 10.11 The impact of loading rate of incorporation encapsulated and 
unencapsulated AA into bread formulation on recovery of AA after 
baking 
 
From Figure 10.11, the results demonstrate that the impact of pure AA and loading rate 
of incorporation encapsulate AA with Rice starch+ALG+LMP hydrocolloids into bread 
formulation on recovery of AA after baking. It shows that Rice starch+ALG+LMP 
hydrocolloids is an effective microencapsulation agent and stabilising the AA in baked 
bread. Similar type losses also have been report by Tomiuk et al., ( 2012) on studies on 
retention of microencapsulated L-5-methyltetrahydrofolic acid (L-5-MTHF) in baked 
bread using skim milk powder (SMP) that L-5-MTHF encapsulated with SMP with 
precence sodium ascorbate has produce excellent conditions for stabilising L-5-MTHF 
in baked bread. Bread baked with 9% loading rate of AA produced the greatest recovery 
of AA after baking.  
 
The results obtained indicated that increasing loading rate of encapsulated AA tend to 
give higher recovery of AA after baking in within range of 2-9%. From the data 
indicates (Figure 10.11) as expected that unencapsulated has no remain AA recovery 
after baking, similar type of losses have been reported by Park, Seib, & Chung (1997) 
that 23% of AA was destroyed during baking step and much more degraded during 
seven days of bread storage at room temperature. 
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In general, the impact of loading rate incorporation encapsulated AA into bread 
formulation on recovery of AA during initial mixing, dough and after baking are 
presented in Figure 10.12 
 
 
 
Figure 10.12 The impact of loading rate of incorporation encapsulated and 
unencapsulated AA into bread formulation on recovery of AA during 
bread making process 
 
The results obtained indicated that the use of encapsulated AA rice starch+ALG+LMP 
hydrocolloids improved the recovery of AA after bread baking to more than 85%. By 
increasing loading rate of encapsulated AA tend to give higher stability of AA during 
different stage of bread making process. This suggests that high loading rate of AA 
remained associated with the coating material even through dough proving and bread 
baking process and that microencapsulation remained effective despite the high 
temperature of baking. Similar type losses also have been report by Tomiuk et al., ( 
2012) 
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10.8 Measurement of moisture content  
 
In order to further characterise the microcapsules prepared in the current investigation, 
MC of bread has been measured using oven drying procedure and results of MC of 
bread from incorporation encapsulated AA rice starch+ALG+LMP hydrocolloids is 
presented in Figures 10.13.  
 
 
Figure 10.13 The impact of loading rate of incorporation encapsulated AA into 
bread formulation on bread moisture content with rice 
starch+ALG+LMP hydrocolloids 
 
The results demonstrate that MC of bread varied within the range of 31-44 %. There 
was a trend for higher AA loading rates encapsulated AA associated with higher MC of 
the bread. This may partially reflect the fact that the bread contains high loading 
microcapsules were relatively dry and might readily absorb water from the environment 
during the spray drying process 
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10.9 Microstructure morphology using environmental scanning electron 
microscopy 
 
Although numerous studies have been reported on microstructure of baked products, 
very few have dealt specifically with bread products. In this section, ESEM was applied 
to compare changes in the internal microstructure of encapsulated AA incorporated in 
bread products. ESEM is a relatively new technique which allows the examination of 
specimens in a gaseous environment rather than under high vacuum conditions. The use 
of this instrument expedites the preparation and testing of the samples as speciments do 
not require any time consuming preparation such as conductive coating. It is noted that 
a large number of images were obtained and attention was paid to observing a variety of 
fields for each capsule preparation, with various magnifications utilized. Considerable 
attention was paid to ensuring the representivity of the images selected for presentation 
here. The internal microstructure of bread and typical appearance of encapsulated AA 
which is incorporated into bread are shown in Figure 10.14. 
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Figure 10.14 
 
ESEM images of bread incorporated with different loading of 
encapsulated AA at various magnifications (a) Fortified bread with 
unencapsulated AA, 500×; (b) Fortified bread with 18% encapsulated 
AA, 500×; (c) Fortified bread with 18% encapsulated AA, 3000×;  (d) 
microcapsule with 18% AA, 2000× 
 
The micrograph of fortified bread with fortified bread with 18% encapsulated AA 
(Picture b) shows have hollows and voids more obvious than unencapsulated AA 
(Picture a). The ESEM micrographs demonstrate the microcapsules (Picture d) are 
basically spherical in shape. In addition, the surfaces typically appear to be continuous 
and show indentations to varying extents, however when the capsules were incorporated 
to bread (Picture c) there was obvious the microcapsules have changed the internal 
structure. 
 
a) b) 
d) c) 
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10.10 General discussion and summary of results of  the incorporation of encapsulated 
AA into bread formulation 
 
The study is confirms bread microencapsulated AA with F30+instant MAPS and Rice 
starch+ALG+LMP as wall materials have increased the stability of AA in comparing 
with unencapsulated AA in final bread product. The recovery of 3 combination loading 
rates of AA with Rice starch+ALG+LMP as wall materials has been successful at 
protecting AA after baking (more than 90% recovery). 
 
In comparing the two of wall materials used, bread with encapsulated AA of rice 
starch+ALG+LMP is given a higher AA recovery compared than F30+instant MAPS, 
this probably reflects the higher melting point of this material effectively releasing the 
AA at a later stage of the baking process. The results obtained indicated that by within 
increasing loading rate of encapsulated AA tend to give higher stability of AA during 
different stage of bread making process. Current study also confirms that incorporating 
unencapsulated AA has no AA recovery after baking of bread. Further research on the 
incorporating encapsulated AA with Rice starch+ALG+LMP as wall materials agents 
maybe prove useful in order to further enhance AA retention during storage. 
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Chapter 11 
 
General conclusions and recommendations for further 
research 
 
 
 
The purpose of this chapter is to summarise the results obtained during the current 
study, draw final conclusions and make recommendations for further research into 
development and application of microencapsulation for enhanced retention of AA in 
fortification foods. 
 
12.1  Introduction 
 
Fortification with vitamins is often challenging due to their susceptibility to degrade 
during processing and storage and to react with other components in the food system. 
Vitamins are generally sensitive to temperature, moisture, light and pH and their 
potency is often compromised by their reaction with their ingredients. For food 
fortification purpose, AA is commonly used as a food additive to improve taste, colour 
and to restore vitamin C lost during processing and storage. Developments of nutritional 
sciences have increased the understanding of using of AA as a food component in the 
human diet for health promotion and disease prevention. However, AA is naturally 
highly unstable compounds and easily losses when incorporated in food systems 
 
There is a promising microencapsulation technology provides a strategy for enhancing 
retention of sensitive and expensive food components, including AA through protection 
from adverse conditions. Microencapsulation technology holds promise for successful 
delivery of bioactive ingredients into food (fortifications) and has potential to enhance 
the functionality of bioactive ingredients, thus maximising the health benefits available 
to consumers from these foods. 
 
Technology of spray drying is the most common and cheapest technique to produce 
microencapsulated food materials. The equipment is readily available and production 
costs are lower than most other methods. Spray drying is the most extensively applied 
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encapsulation technique in the food industry because it is flexible, continuous and very 
economics. 
 
Previous research which comparing encapsulating agents suitable for enhancing the 
stability of AA during storage, particularly against harsh storage conditions of elevated 
temperature over extended periods of storage has found best series of various 
combinations hydrocolloid encapsulating agents for AA. However, these capsule 
needed to incorporate in food system further evaluate their retention and stability. 
 
Accordingly, the proposed project now seeks to study the approaches that have been 
developed, particularly by incorporating microcapsules into foods selected as 
representing those which might provide useful information in the context of applications 
in foods for active military personnel. Therefore, the broad aim of the research reported 
in this thesis is to evaluate strategies for enhancing retention of ascorbic acid through 
microencapsulation. The specific objectives are: to investigate the impact of loading of 
ascorbic acid in capsules and its significances as a determinant of retention during 
storage; to investigate the effect of varying hydrocolloids on retention of ascorbic acid 
and characteristics of microcapsules produced; to optimise the processing conditions of 
spray drying by response surface analysis; and to evaluate the retention of AA 
unencapsulated incorporated during food processing and storage. 
 
12.2  Major conclusions 
 
The final conclusions of this study are summarized here: 
1. Based on preparation of hydrocolloids encapsulated AA with F30+instant MAPS as 
wall materials by spray drying and investigate the effect of various loading rates of 
AA on characteristic of microcapsule and loss of AA showed that spray drying was 
found to provide a convenient means of encapsulated AA when loading rates were 
within the range of 6-36% which showed microcapsules have a relatively high yields 
and AA retention, low MC and aw, small particle size with uniformly fine particles 
and have a good structure and integrity. At the level beyond this model, capsules 
have a significant effect on loss of AA, low yield, high MC and the microcapsules 
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were also appeared to lack coherence, greater particles size which is not expected for 
incorporated in food system.  
 
2. It was found that loading rates also had a significant effect on loss of AA. Increasing 
the loading rates has tended to decrease the loss of AA until optimum loading rates 
were reached (9-18%) and from then the loss of AA increased dramatically with 
increasing loading rates. There was a trend for higher core loading rates of AA to be 
associated with higher MC as well as aw. It was found also that the lightness of 
microcapsule reduced and the chroma values increased with increasing loading rate. 
Therefore, suitable loading rates may be selected to ensure uniformity of distribution 
within the food being fortified and the microcapsules are suitable for further 
evaluation of retention in food systems. 
 
3. The statistical analysis on the impact of varying hydrocolloids proportion on 
encapsulation of AA with Rice starch+ALG+LMP as wall materials by spray drying 
was demonstrated that there were had a significant influence of core loading and 
binding agent rates on yield, AA retention, MC, aw and particle size distribution of 
microcapsules. The regression analysis shows that the core loading rate very 
significantly affected the AA recovery of microcapsules. Results showed that 
microcapsules retain a good structure and integrity when the core loading rates were 
in designed models which were within the range of 2-9% and binding agents 2-6 % 
of total solids content and had a high recovery of yield retention of AA and low of 
MC and aw.  
 
4. Based on the response surface analysis, the optimal combinations of hydrocolloid 
formulations were 4% binding agent, 87% rice starch as wall material and 9% AA as 
core loading material. These are based on their highest yield and AA recovery, and 
also have a low of MC and aw. This study is helpful in providing a general 
understanding of particle size effects which can be used to predict capsules sizes for 
different types of core loading and binding agent rates including varying the relative 
proportions of the materials.  
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5. Optimal process condition during spray drying was developed by varying the inlet air 
temperature and feed flowrate. The statistical analysis demonstrated that there is 
strong relationship of inlet temperature and feed flowrate to parameters of AA 
encapsulated during process of spray drying. Inlet air temperature has very 
significant effects on retention of AA. Increasing the inlet temperature has tended to 
increase of AA recovery until optimum loading rates were reached and from then the 
recovery of AA decreased with increasing inlet temperature. Vitamin retention, MC, 
water activity and process yield were influenced positively by increasing inlet air 
temperature and negatively as feed flow rate were decreased. For the current trials, 
the combination of 120 °C inlet temperature and 7 ml/min feed flow rate gave the 
optimal the results, showing highest AA recovery with low MC and aw.  
 
6. The results have demonstrated the importance and potential of controlling of 
processing variables; inlet air temperature and feed flowrate during spray drying to 
enhance AA retention, yield and for production of microcapsules with low MC and 
aw. 
 
7. In the CE analysis of AA in bread during initial dough mixing, dough proving and 
after baking, Iso-AA was used as an internal standard for quantitation purposes. It 
was found that this method has been found useful in the analysis of AA in food 
matrix. 
 
8. Based upon the application of the CE analysis procedure to studies of bread making 
under laboratory conditions, it was found that microencapsulated AA have increased 
the stability of AA in comparing with unencapsulated AA during the processing 
steps of bread making; initial dough mixing, dough proving and after baking. The 
recovery of 3 combination loading rates of AA with Rice starch+ALG+LMP as wall 
materials has been successful protecting AA after baking (more than 90% recovery).  
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9. In comparing the two of wall materials used, bread with encapsulated AA of rice 
starch+ALG+LMP is given a higher AA recovery compared than F30+instant 
MAPS, this probably reflects the higher melting point of this material effectively 
releasing the AA at a later stage of the baking process. The results obtained indicated 
that by within increasing loading rate of encapsulated AA tend to give higher 
stability of AA during different stage of bread making process. Current study also 
confirms that incorporating unencapsulated AA has no AA recovery after baking of 
bread.  
 
12.3 Possible areas for future research 
 
This study has concentrated on incorporated encapsulated AA in white bread loaf. It 
would of value to extend this work to other low moisture foods. Such work may also 
lead to a reassessment of our understanding of the impact of processing on retention of 
encapsulated AA in different foods system. Another issue highlighted by the studies 
reported here is consideration of other water soluble bioactive components particularly 
considering the effect of pH. 
 
The other significant outcomes of this research has been the first direct comparison of 
the use of unencapsulated AA and different loading rate of encapsulated AA 
incorporated during every stage of white loaf bread making. The data demonstrates that, 
as expected, the rates of loss attended to increase from initial mixing, dough proving 
and after baking. On this basis, it is recommended that future retention studies might be 
expedited if encapsulated AA is used. As a result, there would be a substantial reduction 
in the amount of AA required. This, in turn, would allow a greater range of treatments 
to be studied. Further research on the incorporating encapsulated AA with Rice 
starch+ALG+LMP as wall materials agents maybe prove useful in order to further 
enhance AA retention during storage. 
 
As an overall conclusion, this study has sought to present, in a systematic manner, may 
work reported in the thesis provide a strong foundation and stimulus for such future 
research on fortification of stable vitamin in foods through microencapsulation. The 
optimise loading rate, wall materials/binding agents, processed conditions of spray 
drying and incorporated encapsulated AA has successfully into bread with high 
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recovery of AA in each stage of bread processing. This research project provides a 
strong scientific basis and knowledge on fortification of bread with encapsulated AA 
which can be readily applied. It is hoped that the extension and adaptation of the 
strategies developed in the current study will have significant benefits to nutrition, well-
being and immune status of the broader population trough food fortifications with this 
water soluble vitamin. 
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Appendix 1 
Products information for baker flour 
Gem of the West Bakers Flour : 12.5 Kg 
 
 
Ingredients: Wheat flour, Thiamine, Folic acid 
Nutrition information 
Serving per package : 125 
Serving size : 100 g 
 Average  
Quantity per 
Serving 
Average  
Quantity per 
100 g 
Energy  1490 kJ 
(356 Cal) 
1490 kJ 
(356 Cal) 
Protein 12.5 g 12.5 g 
Fat, Total 
-saturated 
1.6 g 
0.2 g 
1.6 g 
0.2 g 
Carbohydrates 
- Sugars 
72.6 g 
1.9 g 
72.6 g 
1.9 g 
Sodium 1 mg 1 mg 
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Appendix 2 
 
Specification sheet for Fieldose 30 (F30) 
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Appendix 3 
 
Specification sheet for Instant MAPS 
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Appendix 4 
 
Specification sheet for Pectin 
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Appendix 5 
 
 
 
 
 
The outer structure of unencapsulated AA food grade before spray drying solution 
preparations with 3000× and  400× magnification 
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Appendix 6 
 
 
 
 
 
The outer structure of unencapsulated Instant MAPS before spray drying solution 
preparations with 1500× and  200× magnifications 
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Appendix 7 
 
 
 
 
The outer structure of unencapsulated rice starch before spray drying solution 
preparations with 3000× and  6000× magnifications 
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Appendix 8 
 
 
 
 
The outer structure of AA encapsulated with F30+Instant MAPS with 3000× and  
6000× magnifications 
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Appendix 9 
 
Minitab output for response surface regression and analysis of variance for the effects of 
varying proportions of hydrocolloids during encapsulation of AA by spray drying 
(Chapter 8) are shown below. 
 
1. Minitab output for response surface regression: Moisture content versus core 
loading rate and binding agent rate  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for MC 
 
Term                         Coef  SE Coef       T      P 
Constant                   7.5866   0.3163  23.985  0.000 
core loading rate (AA)     1.1050   0.1706   6.479  0.007 
binding agent rate         1.0627   0.1709   6.220  0.008 
core loading rate (AA)*    0.1571   0.3026   0.519  0.640 
  core loading rate (AA) 
binding agent rate*        0.4045   0.2954   1.369  0.264 
  binding agent rate 
core loading rate (AA)*   -0.1507   0.2082  -0.724  0.522 
  binding agent rate 
 
 
S = 0.417791   PRESS = 6.46307 
R-Sq = 96.50%   
 
 
Analysis of Variance for MC 
 
Source                                             DF   Seq SS   Adj SS 
Regression                                          5  14.4294  14.4294 
  Linear                                            2  13.9636  14.0790 
    core loading rate (AA)                          1   7.2792   7.3262 
    binding agent rate                              1   6.6845   6.7529 
  Square                                            2   0.3743   0.3743 
    core loading rate (AA)*core loading rate (AA)   1   0.0470   0.0470 
    binding agent rate*binding agent rate           1   0.3272   0.3272 
  Interaction                                       1   0.0914   0.0914 
    core loading rate (AA)*binding agent rate       1   0.0914   0.0914 
Residual Error                                      3   0.5236   0.5236 
Total                                               8  14.9530 
 
Source                                              Adj MS      F      P 
Regression                                         2.88587  16.53  0.022 
  Linear                                           7.03951  40.33  0.007 
    core loading rate (AA)                         7.32615  41.97  0.007 
    binding agent rate                             6.75286  38.69  0.008 
  Square                                           0.18713   1.07  0.445 
    core loading rate (AA)*core loading rate (AA)  0.04702   0.27  0.640 
    binding agent rate*binding agent rate          0.32724   1.87  0.264 
  Interaction                                      0.09145   0.52  0.522 
    core loading rate (AA)*binding agent rate      0.09145   0.52  0.522 
Residual Error                                     0.17455 
Total 
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Estimated Regression Coefficients for MC using data in uncoded units 
 
Term                            Coef 
Constant                     5.25708 
core loading rate (AA)      0.260787 
binding agent rate         -0.159264 
core loading rate (AA)*    0.0128214 
  core loading rate (AA) 
binding agent rate*         0.101125 
  binding agent rate 
core loading rate (AA)*   -0.0215270 
  binding agent rate 
 
 
2. Minitab output for response surface regression: AA retention versus core 
loading rate and binding agent rate  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for AA 
 
Term                         Coef  SE Coef       T      P 
Constant                  97.5328   1.6455  59.271  0.000 
core loading rate (AA)     7.5233   0.8873   8.479  0.003 
binding agent rate         1.1405   0.8888   1.283  0.290 
core loading rate (AA)*   -6.5795   1.5742  -4.180  0.025 
  core loading rate (AA) 
binding agent rate*       -2.0850   1.5369  -1.357  0.268 
  binding agent rate 
core loading rate (AA)*    0.1644   1.0830   0.152  0.889 
  binding agent rate 
 
 
S = 2.17345    PRESS = 170.052 
R-Sq = 97.07%  R-Sq(pred) = 64.84%  R-Sq(adj) = 92.19% 
 
 
Analysis of Variance for AA 
 
Source                                             DF   Seq SS   Adj SS 
Regression                                          5  469.419  469.419 
  Linear                                            2  378.095  347.382 
    core loading rate (AA)                          1  370.183  339.603 
    binding agent rate                              1    7.912    7.778 
  Square                                            2   91.215   91.215 
    core loading rate (AA)*core loading rate (AA)   1   82.521   82.521 
    binding agent rate*binding agent rate           1    8.694    8.694 
  Interaction                                       1    0.109    0.109 
    core loading rate (AA)*binding agent rate       1    0.109    0.109 
Residual Error                                      3   14.172   14.172 
Total                                               8  483.591 
 
Source                                              Adj MS      F      P 
Regression                                          93.884  19.87  0.017 
  Linear                                           173.691  36.77  0.008 
    core loading rate (AA)                         339.603  71.89  0.003 
    binding agent rate                               7.778   1.65  0.290 
  Square                                            45.608   9.65  0.049 
    core loading rate (AA)*core loading rate (AA)   82.521  17.47  0.025 
    binding agent rate*binding agent rate            8.694   1.84  0.268 
  Interaction                                        0.109   0.02  0.889 
    core loading rate (AA)*binding agent rate        0.109   0.02  0.889 
Residual Error                                       4.724 
Total 
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Estimated Regression Coefficients for AA using data in uncoded units 
 
Term                           Coef 
Constant                    59.3586 
core loading rate (AA)      7.96374 
binding agent rate          4.61111 
core loading rate (AA)*   -0.537103 
  core loading rate (AA) 
binding agent rate*       -0.521250 
  binding agent rate 
core loading rate (AA)*   0.0234797 
  binding agent rate 
 
3. Minitab output for response surface regression: aw versus core loading rate and 
binding agent rate  
 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for aw 
 
Term                         Coef   SE Coef      T      P 
Constant                  0.04889  0.015969  3.061  0.055 
core loading rate (AA)    0.04058  0.008611  4.713  0.018 
binding agent rate        0.01664  0.008625  1.930  0.149 
core loading rate (AA)*   0.04258  0.015277  2.787  0.069 
  core loading rate (AA) 
binding agent rate*       0.01092  0.014915  0.732  0.517 
  binding agent rate 
core loading rate (AA)*   0.02673  0.010510  2.544  0.084 
  binding agent rate 
 
 
S = 0.0210924  PRESS = 0.0155074 
R-Sq = 92.92%   
 
Analysis of Variance for aw 
 
Source                                             DF    Seq SS    Adj SS 
Regression                                          5  0.017505  0.017505 
  Linear                                            2  0.010931  0.011538 
    core loading rate (AA)                          1  0.009005  0.009882 
    binding agent rate                              1  0.001926  0.001656 
  Square                                            2  0.003695  0.003695 
    core loading rate (AA)*core loading rate (AA)   1  0.003457  0.003457 
    binding agent rate*binding agent rate           1  0.000238  0.000238 
  Interaction                                       1  0.002878  0.002878 
    core loading rate (AA)*binding agent rate       1  0.002878  0.002878 
Residual Error                                      3  0.001335  0.001335 
Total                                               8  0.018840 
 
Source                                               Adj MS      F      P 
Regression                                         0.003501   7.87  0.060 
  Linear                                           0.005769  12.97  0.033 
    core loading rate (AA)                         0.009882  22.21  0.018 
    binding agent rate                             0.001656   3.72  0.149 
  Square                                           0.001847   4.15  0.137 
    core loading rate (AA)*core loading rate (AA)  0.003457   7.77  0.069 
    binding agent rate*binding agent rate          0.000238   0.54  0.517 
  Interaction                                      0.002878   6.47  0.084 
    core loading rate (AA)*binding agent rate      0.002878   6.47  0.084 
Residual Error                                     0.000445 
Total 
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Estimated Regression Coefficients for aw using data in uncoded units 
 
Term                            Coef 
Constant                    0.184673 
core loading rate (AA)    -0.0419199 
binding agent rate        -0.0345175 
core loading rate (AA)*   0.00347619 
  core loading rate (AA) 
binding agent rate*       0.00272917 
  binding agent rate 
core loading rate (AA)*   0.00381926 
  binding agent rate 
 
  
 
4. Minitab output for response surface regression: Yield versus core loading rate 
and binding agent rate  
 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Yield 
 
Term                         Coef  SE Coef       T      P 
Constant                  86.0429   1.3119  65.589  0.000 
core loading rate (AA)     0.2900   0.7074   0.410  0.709 
binding agent rate         0.2681   0.7086   0.378  0.730 
core loading rate (AA)*   -4.6229   1.2550  -3.684  0.035 
  core loading rate (AA) 
binding agent rate*       -0.0500   1.2252  -0.041  0.970 
  binding agent rate 
core loading rate (AA)*   -3.5310   0.8634  -4.089  0.026 
  binding agent rate 
 
 
S = 1.73273    PRESS = 111.805 
R-Sq = 91.13%   
 
 
Analysis of Variance for Yield 
 
Source                                             DF   Seq SS   Adj SS 
Regression                                          5   92.550  92.5499 
  Linear                                            2    1.596   0.9345 
    core loading rate (AA)                          1    1.536   0.5046 
    binding agent rate                              1    0.060   0.4299 
  Square                                            2   40.744  40.7438 
    core loading rate (AA)*core loading rate (AA)   1   40.739  40.7388 
    binding agent rate*binding agent rate           1    0.005   0.0050 
  Interaction                                       1   50.211  50.2105 
    core loading rate (AA)*binding agent rate       1   50.211  50.2105 
Residual Error                                      3    9.007   9.0071 
Total                                               8  101.557 
 
Source                                              Adj MS      F      P 
Regression                                         18.5100   6.17  0.083 
  Linear                                            0.4673   0.16  0.862 
    core loading rate (AA)                          0.5046   0.17  0.709 
    binding agent rate                              0.4299   0.14  0.730 
  Square                                           20.3719   6.79  0.077 
    core loading rate (AA)*core loading rate (AA)  40.7388  13.57  0.035 
    binding agent rate*binding agent rate           0.0050   0.00  0.970 
  Interaction                                      50.2105  16.72  0.026 
    core loading rate (AA)*binding agent rate      50.2105  16.72  0.026 
Residual Error                                      3.0024 
Total 
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Estimated Regression Coefficients for Yield using data in uncoded units 
 
Term                            Coef 
Constant                     62.3378 
core loading rate (AA)       6.25175 
binding agent rate           3.00841 
core loading rate (AA)*    -0.377381 
  core loading rate (AA) 
binding agent rate*       -0.0125000 
  binding agent rate 
core loading rate (AA)*    -0.504426 
  binding agent rate 
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Appendix 10 
 
Minitab output for response surface regression response surface regression and analysis 
of variance optimisation of spray drying condition (Chapter 9) is shown below. 
 
1. Minitab output for response surface regression: Yield versus inlet, flowrate  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for yield 
 
Term                  Coef  SE Coef       T      P 
Constant           89.8786    1.428  62.953  0.000 
inlet               4.3183    1.404   3.076  0.018 
flowrate           -3.8500    1.404  -2.743  0.029 
inlet*inlet        -3.7402    2.069  -1.808  0.114 
flowrate*flowrate  -0.7552    2.069  -0.365  0.726 
inlet*flowrate     -1.7375    1.719  -1.011  0.346 
 
 
S = 3.43838    PRESS = 807.875 
R-Sq = 76.33%  R-Sq(pred) = 0.00%  R-Sq(adj) = 59.42% 
 
 
Analysis of Variance for yield 
 
Source                 DF   Seq SS   Adj SS   Adj MS      F      P 
Regression              5  266.889  266.889   53.378   4.51  0.037 
  Linear                2  200.823  200.823  100.412   8.49  0.013 
    inlet               1  111.888  111.888  111.888   9.46  0.018 
    flowrate            1   88.935   88.935   88.935   7.52  0.029 
  Square                2   53.990   53.990   26.995   2.28  0.172 
    inlet*inlet         1   52.415   38.636   38.636   3.27  0.114 
    flowrate*flowrate   1    1.575    1.575    1.575   0.13  0.726 
  Interaction           1   12.076   12.076   12.076   1.02  0.346 
    inlet*flowrate      1   12.076   12.076   12.076   1.02  0.346 
Residual Error          7   82.757   82.757   11.822 
  Lack-of-Fit           3   79.155   79.155   26.385  29.30  0.004 
  Pure Error            4    3.602    3.602    0.901 
Total                  12  349.646 
 
 
Unusual Observations for yield 
 
Obs  StdOrder   yield     Fit  SE Fit  Residual  St Resid 
  1         1  86.420  83.177   3.057     3.243      2.06 R 
  4         4  80.460  84.114   3.057    -3.654     -2.32 R 
  8         8  90.200  85.273   2.417     4.927      2.01 R 
 
R denotes an observation with a large standardized residual. 
 
 
Estimated Regression Coefficients for yield using data in uncoded units 
 
Term                      Coef 
Constant              -46.5264 
inlet                  2.34663 
flowrate               2.67672 
inlet*inlet        -0.00935043 
flowrate*flowrate   -0.0616467 
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inlet*flowrate      -0.0248214 
 
  
 
2. Minitab output for response surface regression: AA versus inlet, flowrate  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for aa 
 
Term                  Coef  SE Coef       T      P 
Constant           98.0272    1.035  94.714  0.000 
inlet               4.3567    1.018   4.281  0.004 
flowrate           -0.1100    1.018  -0.108  0.917 
inlet*inlet        -2.7903    1.500  -1.860  0.105 
flowrate*flowrate  -1.6903    1.500  -1.127  0.297 
inlet*flowrate      1.5575    1.246   1.250  0.252 
 
 
S = 2.49258    PRESS = 331.254 
R-Sq = 79.60%  R-Sq(pred) = 0.00%  R-Sq(adj) = 65.02% 
 
 
Analysis of Variance for aa 
 
Source                 DF   Seq SS   Adj SS   Adj MS      F      P 
Regression              5  169.655  169.655   33.931   5.46  0.023 
  Linear                2  113.956  113.956   56.978   9.17  0.011 
    inlet               1  113.883  113.883  113.883  18.33  0.004 
    flowrate            1    0.073    0.073    0.073   0.01  0.917 
  Square                2   45.996   45.996   22.998   3.70  0.080 
    inlet*inlet         1   38.105   21.504   21.504   3.46  0.105 
    flowrate*flowrate   1    7.891    7.891    7.891   1.27  0.297 
  Interaction           1    9.703    9.703    9.703   1.56  0.252 
    inlet*flowrate      1    9.703    9.703    9.703   1.56  0.252 
Residual Error          7   43.491   43.491    6.213 
  Lack-of-Fit           3   38.797   38.797   12.932  11.02  0.021 
  Pure Error            4    4.694    4.694    1.173 
Total                  12  213.146 
 
 
Unusual Observations for aa 
 
Obs  StdOrder      aa     Fit  SE Fit  Residual  St Resid 
  2         2  98.740  96.456   2.216     2.284      2.00 R 
  7         7  92.120  96.447   1.752    -4.327     -2.44 R 
 
R denotes an observation with a large standardized residual. 
 
 
Estimated Regression Coefficients for aa using data in uncoded units 
 
Term                      Coef 
Constant               14.9647 
inlet                  1.37938 
flowrate              0.641305 
inlet*inlet        -0.00697586 
flowrate*flowrate    -0.137987 
inlet*flowrate       0.0222500 
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3. Minitab output for response surface regression: MC versus inlet, flowrate  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for mc 
 
Term                   Coef  SE Coef       T      P 
Constant            6.51716   0.5354  12.173  0.000 
inlet              -1.69548   0.5264  -3.221  0.015 
flowrate            0.03170   0.5264   0.060  0.954 
inlet*inlet         0.57399   0.7758   0.740  0.483 
flowrate*flowrate  -0.28746   0.7758  -0.371  0.722 
inlet*flowrate      0.35500   0.6447   0.551  0.599 
 
 
S = 1.28937    PRESS = 73.5208 
R-Sq = 71.62%  R-Sq(pred) = 0.00%  R-Sq(adj) = 34.20% 
 
 
Analysis of Variance for mc 
 
Source                 DF   Seq SS   Adj SS   Adj MS      F      P 
Regression              5  18.6834  18.6834   3.7367   2.25  0.160 
  Linear                2  17.2540  17.2540   8.6270   5.19  0.041 
    inlet               1  17.2480  17.2480  17.2480  10.37  0.015 
    flowrate            1   0.0060   0.0060   0.0060   0.00  0.954 
  Square                2   0.9253   0.9253   0.4626   0.28  0.765 
    inlet*inlet         1   0.6970   0.9100   0.9100   0.55  0.483 
    flowrate*flowrate   1   0.2282   0.2282   0.2282   0.14  0.722 
  Interaction           1   0.5041   0.5041   0.5041   0.30  0.599 
    inlet*flowrate      1   0.5041   0.5041   0.5041   0.30  0.599 
Residual Error          7  11.6374  11.6374   1.6625 
  Lack-of-Fit           3   7.0248   7.0248   2.3416   2.03  0.252 
  Pure Error            4   4.6126   4.6126   1.1532 
Total                  12  30.3207 
 
 
 
 
Estimated Regression Coefficients for mc using data in uncoded units 
 
Term                      Coef 
Constant               31.9872 
inlet                -0.425022 
flowrate           -0.00530542 
inlet*inlet         0.00143499 
flowrate*flowrate   -0.0234657 
inlet*flowrate      0.00507143 
 
 
4. Minitab output for response surface regression: aw versus inlet, flowrate  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for aw 
 
Term                    Coef   SE Coef       T      P 
Constant            0.048192  0.009499   5.074  0.001 
inlet              -0.041067  0.009339  -4.397  0.003 
flowrate           -0.025647  0.009339  -2.746  0.029 
inlet*inlet         0.060029  0.013765   4.361  0.003 
flowrate*flowrate   0.001769  0.013765   0.129  0.901 
inlet*flowrate      0.017000  0.011438   1.486  0.181 
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Appendix 11 
A typical electropherogram and data report obtained from CE analysis of AA extracted 
from microcapsules 
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Appendix 12 
The Niro Atomiser spray dryer instrument 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
